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ABS TRACT 
T h i s  r e p o r t  covers  a series o f  i n v e s t i g a t i o n s  i n t o  problems 
encountered i n  developing and t e s t i n g  c o n t a c t  i o n  m i c r o t h r u s t e r  
systems f o r  f l i g h t  on A p p l i c a t i o n s  Technology S a t e l l i t e s ”  D and E .  
I n v e s t i g a t i o n s  were made of  t h r u s t e r  performance degrada t ion  due 
t o  contaminat ion of t h e  i o n i z i n g  s u r f a c e ,  s e l e c t e d  c i r c u i t  modi- 
f i c a t i o n s  were made and t e s t e d  i n  t h e  c o n t r o l  l o g i c  and power 
c o n d i t i o n i n g  u n i t  o f  t h e  c o n t a c t  i o n  m i c r o t h r u s t e r  systems, and 
t h e  t r a n s i e n t  response  of t h e  beam c o n t r o l  feedback loop was 
i n v e s t i g a t e d .  R e s u l t s  of  t h e  i n v e s t i g a t i o n s  have been u s e f u l .  
Although no d e f i n i t e  cause can be  i d e n t i f i e d ,  i o n i z e r  contamina- 
t i o n  appears  t o  be r e l a t e d  t o  contaminat ion o f  vacuum chamber 
s u r f a c e s  exposed t o  t h e  t h r u s t e r .  Contamination by t h e  c o n t r o l  
l o g i c  and power c o n d i t i o n i n g  package appears  u n l i k e l y .  C i r c u i t  
m o d i f i c a t i o n s  t h a t  were made and t e s t ed  have r e s u l t e d  i n  a n  
improved system. 
sponse has  improved t h e  unders tanding  of  system behavior  and 
i d e n t i f i e d  s e v e r a l  a r e a s  f o r  a t t e n t i o n  i n  f u t u r e  system des ign .  
Recomnendations i n c l u d e  t h e  i n c o r p o r a t i o n  o f  c i r c u i t  improvement 
i n  f u t u r e  systems and c o n s i d e r a t i o n  of  s e v e r a l  f a c t o r s  which 
could c o n t r i b u t e  t o  improved feedback loop t r a n s i e n t  response.  
I n v e s t i g a t i o n  o f  feedback loop t r a n s i e n t  re- 
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SECTION 1 
INTRODUCTION 
I n  t h e  development, c o n s t r u c t i o n ,  and t e s t i n g  o f  i o n  m i c r o t h r u s t e r  
systems f o r  ATS D and E s a t e l l i t e s ,  a number o f  problems a rose .  
Because o f  t h e  p r e s s  o f  t i m e ,  t h e s e  problems could be d e a l t  w i t h  o n l y  
i n  a v e r y  l imi t ed  way. Extended i n v e s t i g a t i o n s  i n t o  t h e  sou rce  o f  a 
problem or  s o l u t i o n s  invo lv ing  s i g n i f i c a n t  changes i n  system des ign  
were n o t  f e a s i b l e  because t h e  program w a s  s t r i c t l y  geared t o  f l i g h t  
hardware f a b r i c a t i o n  and acceptance t e s t i n g  on a r a p i d  schedule .  
I n  most cases, an accep tab le  i f  no t  completely s a t i s f a c t o r y  s o l u t i o n  
t o  a problem w a s  a r r i v e d  a t  i n  t h e  l i m i t e d  t i m e  a v a i l a b l e ,  a l lowing  
t h e  program t o  proceed. When hardware t e s t i n g  and d e l i v e r y  were 
completed,  i t  was f e l t  t h a t  i t  would be h i g h l y  d e s i r a b l e  t o  conduct 
f u r t h e r  i n v e s t i g a t i o n s  of s e l e c t e d  problems , determining  t h e  cause  of  
t h e  problem whenever p o s s i b l e ,  and p r e s e n t i n g  t h e  a v a i l a b l e  s o l u t i o n s .  
These i n v e s t i g a t i o n s  would i n c r e a s e  unders tanding  of  t he  ATS D and E 
u n i t s  and provide  informat ion  u s e f u l  i n  development o f  f u t u r e  systems. 
This  r e p o r t  covers  t h e  work accomplished on t h e  r e s u l t i n g  program 
which w a s  t i t l e d ,  "Ion Mic ro th rus t e r  System I n v e s t i g a t i o n s . "  The 
program was d iv ided  i n t o  t h r e e  a r e a s  of i n v e s t i g a t i o n .  The f i r s t  o f  
t h e s e  areas ,  i o n i z e r  contaminat ion ,  was i n v e s t i g a t e d  because o f  micro- 
t h r u s t e r  system mal funct ions  which suggested t h a t  the  i o n i z i n g  s u r f a c e  
had become contaminated.  The goa l  was t o  i d e n t i f y  t h e  source  o f  con- 
tamina t ion  and sugges t  procedures  f o r  avoid ing  i t .  A n  a d d i t i o n a l  p a r t  
o f  t h i s  i n v e s t i g a t i o n  was t h e  e v a l u a t i o n  of coa t ings  which might be 
used t o  p r o t e c t  i o n i z e r s  from contaminat ion du r ing  nonoperat ing pe r iods .  
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The second a r e a  involved t h e  d e s i g n  and t e s t i n g  o f  s e l e c t e d  c i r c u i t  
d e s i g n  changes i n  t h e  c o n t r o l  l o g i c  and power c o n d i t i o n i n g  u n i t .  The 
purpose o f  t h e s e  changes i s  t o  reduce t h e  n o i s e  s u s c e p t i b i l i t y  o f  
counter  c i r c u i t s  which determine t h r u s t  l e v e l  and t h r u s t  d e f l e c t i o n ,  
i n s u r e  i n i t i a l  turn-on of t h e s e  c o u n t e r s  t o  a predetermined s ta te ,  and 
i n c r e a s e  t h e  r e p e a t a b i l i t y  and s t a b i l i t y  of  t h e  h igh  v o l t a g e  overload 
c i r c u i t s .  
The t h i r d  a r e a  was an i n v e s t i g a t i o n  of  t h e  t r a n s i e n t  response  of t h e  
beam c o n t r o l  loop,prompted by o c c a s i o n a l  i n s t a n c e s  of  loop i n s t a b i l i t y .  
By measuring, s e p a r a t e l y ,  t h e  responses  of  t h e  beam c o n t r o l  c i r c u i t r y  
and t h e  feed system, necessary  informat ion  f o r  o b t a i n i n g  improved l o o p  
response  and s t a b i l i t y  may be  obta ined .  
This  r e p o r t  d e s c r i b e s  t h e  r a t i o n a l e ,  t h e  approach taken ,  and t h e  
r e s u l t s  ob ta ined  f o r  each a r e a  o f  i n v e s t i g a t i o n .  
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SECTION 2 
IONIZER CONTAMINATION INVESTIGATIONS 
2 .1  HISTORICAL BACKGROUND 
During t h r u s t e r  system development and i n  q u a l i f i c a t i o n  t e s t i n g  f o r  t h e  
ATS m i c r o t h r u s t e r  program, s e v e r a l  t h r u s t e r s  e x h i b i t e d  c h a r a c t e r i s t i c s  
which are c o n s i s t e n t  w i t h  those expected i f  t h e  porous t u n g s t e n  i o n i z i n g  
s u r f a c e  becomes contaminated. T h i s  problem a r e a  w a s  u n a n t i c i p a t e d  
s i n c e  i t  had n o t  been encountered i n  years  of l a b o r a t o r y  o p e r a t i o n  o f  
c o n t a c t  i o n  t h r u s t e r s  and i n  the  o p e r a t i o n  of f u l l y  i n t e g r a t e d  f l i g h t  
tes t  systems.  More r e c e n t l y ,  o p e r a t i o n  of a 10 micropound system and 
development of t h e  t h r u s t e r  subsystem f o r  t he  ATS system had proceeded . 
smoothly . 
The problem f i r s t  a r o s e  when t h e  t h r u s t e r  w a s  assembled w i t h  t h e  pro to-  
type c o n t r o l  l o g i c  and power c o n d i t i o n i n g  (CLPC) u n i t  f o r  s y s t e m  tes ts .  
I t  w a s  found t h a t  t he  s y s t e m  opera ted  normally a t  i on  beam c u r r e n t s  up 
t o  and i n c l u d i n g  approximately 0.75 mA. (For a source 0.187 inches  i n  
d iameter ,  t h i s  corresponds t o  a c u r r e n t  d e n s i t y  of 4.2 mA/cm .) When 
the  cesium vapor feed r a t e  w a s  i n c r e a s e d  i n  an a t tempt  t o  i n c r e a s e  t h e  
beam c u r r e n t  t o  1 mA (5.6 m A / c m  ) ,  t h e  c u r r e n t  handl ing  c a p a b i l i t y  of 
t h e  i o n i z e r  a t  i t s  o p e r a t i n g  temperature  of approximately 1060 C was 
a p p a r e n t l y  exceeded. I n s t e a d  o f  cont inuing  t o  i n c r e a s e ,  the i o n  beam 
c u r r e n t  reached a peak, then decreased markedly. The decrease  i n  i o n  
beam c u r r e n t  w a s  accomplished by an i n c r e a s e  i n  a c c e l e r a t o r  d r a i n  cu r -  
r e n t ,  l ending  support  t o  the e x p l a n a t i o n  t h a t  t h e  drop i n  beam c u r r e n t  
was a s s o c i a t e d  wi th  a change i n  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  of t h e  
i o n i z e r .  
2 
2 
0 
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T l l i s  behavior  was observed c o n s i s t e n t l y  w i t h  several i o n i z e r s ,  each  o f  
which had previous ly  opera ted  i n  a s a t i s f a c t o r y  way u s i n g  l a b o r a t o r y  
power s u p p l i e s .  The conclus ion  drawn a t  t h a t  t i m e  was t h a t  t h e  i o n i z e r  
s u r f a c e  w a s  being contaminated and t h e  power c o n d i t i o n i n g  u n i t  w a s  t h e  
source o f  t h e  contaminat ion.  S ince  i t  w a s  r e q u i r e d  t h a t  the e n t i r e  
package be vented t o  space thrcugh t h e  t h r u s t e r  n o z z l e ,  pumpout tubes 
from t h e  h igh  v o l t a g e  and low v o l t a g e  compartments of  t h e  power condi-  
t iGning u n i t  were c a r r i e d  through t h e  t h r u s t e r  compartment and exhausted 
near  t h e  end of t h e  t h r u s t e r  housing.  Although t h e  v a s t  m a j o r i t y  of 
any gases  evolved by t h e  power c o n d i t i o n i n g  u n i t  could be expected t o  
t r a v e l  immediately t o  t h e  tes t  chamber and u l t i m a t e l y  t o  i t s  pumping 
system, t h e r e  e x i s t e d  t h e  p o s s i b i l i t y  t h a t  a small  f r a c t i o n  might i m -  
pinge on the  i o n i z e r  s u r f a c e .  A ser ies  of tes ts  w a s  conducted i n  which 
t h e  power c o n d i t i o n i n g  u n i t  and t h r u s t e r  were i s o l a t e d .  The r e s u l t s  
i n d i c a t e d  t h a t  i f  t h e  two p o r t i o n s  o f  t h e  s y s t e m  could be adequate ly  
i s o l a t e d ,  t h e  contaminat ion problem would be so lved .  On t h i s  b a s i s ,  
ATS P r o j e c t  Management a u t h o r i z e d  v e n t i n g  of t he  power c o n d i t i o n i n g  
u n i t  i n t o  t h e  i n t e r i o r  of  t h e  s p a c e c r a f t .  The m i c r o t h r u s t e r  system de- 
s i g n  was changed accord ingly ;  t h e  v e n t  tubes i n t o  the t h r u s t e r  compart- 
ment were s e a l e d  and v e n t  h o l e s  were d r i l l e d  i n t o  the  housing o f  t h e  
power c o n d i t i o n i n g  u n i t .  
This  d e s i g n  was used i n  the  f a b r i c a t i o n  o f  both q u a l i f i c a t i o n  and f l i g h t  
model m i c r o t h r u s t e r  systems. When q u a l i f i c a t i o n  t e s t i n g  w a s  begun, i t  
w a s  d i scovered  t h a t  t h e  problem had no t  been s o l v e d .  Although full 
t h r u s t  of 20 micropounds could o c c a s i o n a l l y  be produced, t he  system 
commonly e x h i b i t e d  t h e  symptoms d e s c r i b e d  above. Since the  schedule  
d i d  n o t  permit f u r t h e r  i n v e s t i g a t i o n  of t he  problem, EOS w a s  d i r e c t e d  
t o  proceed,  conduct ing a l l  o p e r a t i o n a l  t es t s  a t  5 ,  10 ,  and 15 micropound 
t h r u s t  l eve  Is . 
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Even w i t h  these  reduced s p e c i f i c a t i o n s ,  d i f f i c u l t i e s  were o c c a s i o n a l l y  
encountered dur ing  q u a l i f i c a t i o n  t e s t i n g  and f l i g h t  acceptance t e s t i n g .  
Measures such as i n c r e a s i n g  t h e  i o n i z e r  temperature  above 1100 C and 
u s i n g  a f resh ly-c leaned  beam c o l l e c t o r  s u r f a c e  f o r  each t e s t  r u n  have 
he lped ,  bu t  t h e  b a s i c  problem remained unexplained.  
0 
The d e s i r e d  r e s u l t  o f  t h i s  program was t o  i d e n t i f y  t h e  kind and source 
of contaminat ion o r  o t h e r  mechanism r e s p o n s i b l e  f o r  the degraded per- 
formance of some t h r u s t e r  s y s t e m s ,  and t o  d e v i s e  a method of e l i m i n a t i n g  
t h e  problem. 
2.2 TECHNICAL BACKGROUND 
Since  s u r f a c e  i o n i z a t i o n  is  v e r y  s e n s i t i v e  t o  extremely minute amounts 
of i m p u r i t i e s ,  only a f r a c t i o n  of  a monolayer can change the  work func- 
t i o n  s i g n i f i c a n t l y .  
h igh  temperature  and extremely l o w  p r e s s u r e .  Porous i o n i z e r s  have i m -  
p u r i t i e s  present  i n  t h e  tungsten i t s e l f  p l u s  those  from t h e  cesium pro- 
p e l l a n t ,  from s p u t t e r i n g  and e v a p o r a t i o n  o f  a c c e l e r a t o r  components, 
n e u t r a l i z e r s ,  and vacuum systems, and from environmental  gases  and 
vapors .  P o t e n t i a l  i o n i z e r  contaminat ion sources  and types  a r e  summa- 
r i z e d  i n  Table I .  
I n  many cases, i t  can be removed only a t  a very  
The porous tungs ten  i o n i z e r s  and t h e  braze materials do n o t  appear  t o  
be c o n t r i b u t o r s  t o  t h e  a l t e r a t i o n  of  performance s i n c e  t h r u s t e r  opera- 
t i o n  i s  u s u a l l y  f l a w l e s s  a t  f i r s t .  A l s o ,  impuri ty  contaminat ion has  
been observed t o  c l e a n  up under chemical c l e a n i n g  o r  high temperature  
f l a s h i n g  b u t  n o t  by prolonged o p e r a t i o n  (Ref.  1). 
Other sources  of  i m p u r i t i e s  t o  which the  porous i o n i z e r s  could have 
been exposed are s p u t t e r i n g  o r  evapora t ion  of t h e  a c c e l e r a t o r  e l e c t r o d e  
material and/or t h e  n e u t r a l i z e r ,  and s p u t t e r i n g  from c o l l e c t o r s  o r  
o t h e r  exposed s u r f a c e s .  S t u d i e s  of  porous tungs ten  i o n i z e r  c o m p a t i b i l i t y  
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TABLE I 
POTENTIAL IONIZER CONTAMINATION SOURCES 
Source 
1. I o n i z e r  a .  
b .  
2 .  S p u t t e r i n g  and a .  
b. e v a p o r a t i o n  
C .  
d .  
3 .  Tank, launch and a .  
b .  s pace e nv i r  onme n t 
C .  
d .  
e .  
4. Prope l l a n t  
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a .  
b. 
C .  
d .  
Types of  Contamination 
I m p u r i t i e s  i n  i o n i z e r  m a t e r i a l  
D i f f u s i o n  of braze  
From n e u t r a l i z e r s  
From a c c e l e r a t o r  e l e c t r o d e  ( u s u a l l y  Cu) 
From o t h e r  e l e c t r o d e s  and c o l l e c t o r s  
Evaporat ion of braze  components, e t c . ,  
such as Cd, Zn 
Residual  gas  i n  vacuum tank  (0 
O i l  vapors  i n  vacuum tank  (C) 
Space r e s i d u a l  gas  ( 0 ,  N ,  and H )  
Launch e nv i r  onme n t 
Vehic le  environment (outgass ing  from 
o t h e r  v e h i c l e  components such as CLPC) 
I n i t i a l  impuri ty  i n  commercial cesium 
Contamination i n  s t o r a g e  
Contamination dur ing  t r a n s f e r  and i n  
prope 1 l a n  t s ys tem 
Addi t ives  
2 ’  N2)  
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w i t h  Cu, Fe ,  T i ,  T a ,  and o t h e r  materials have shown t h a t  Cu may be t h e  
only  mater ia l  (o f  those  t e s t e d )  which does n o t  s i g n i f i c a n t l y  a l t e r  
i o n i z e r  performance. The o t h e r s  tend  t o  c l o g  i o n i z e r s  and/or i n c r e a s e  
c r i t i c a l  temperatures .  Again, t h e s e  f a c t o r s  were present  i n  a l l  tes ts  
and only some t h r u s t e r s  e x h i b i t e d  " r o l l  over . I 1  
E f f e c t s  due t o  r e s i d u a l  g a s e s ,  i n c l u d i n g  o i l  vapors ,  have been d i s c u s s e d  
e x t e n s i v e l y  i n  many r e p o r t s  because oxygenation of  tungs ten  i s  known 
t o  i n c r e a s e  t h e  work func t ion  and i o n i z a t i o n  e f f i c i e n c y ;  i t  i s  a l s o  
known t o  ra ise  the  c r i t i c a l  temperature .  The f i r s t  r e p o r t e d  porous 
- 7  tungs ten  i o n i z e r  e v a l u a t i o n  below 10 t o r r  r e s i d u a l  gas  pressure  (Ref. 2) 
showed c r i t i c a l  temperatures  of porous t u n g s t e n  t o  be about  180 lower 
than t h o s e  obtained a t  a p a r t i a l  p r e s s u r e  of 10 t o r r  of oxygen whi le  
t h e  n e u t r a l  f r a c t i o n  about  doubled. Res idua l  gas  mass spectrometer  
a n a l y s i s  i n  the  LO-' t o r r  range have i n d i c a t e d  H 
and CH4, bu t  no O 2  o r  C 0 2  (Ref.  3 ) .  
0 
- 5  
N and traces of  H20 2 '  2 
The most comprehensive work on t h e  e f f e c t  of r e s i d u a l  gases  upon a 
porous i o n i z e r  was done by S h e l t o n  (Ref.  4 )  c o n c e n t r a t i n g  on t h e  simul- 
taneous presence of  oxygen and hydrocarbons.  I n  t h e  absence o f  carbon 
on the  s u r f a c e ,  t h e  e f f e c t  of oxygen on t h e  work f u n c t i o n  i s  much more 
pronounced and a l a r g e  i n c r e a s e  i n  c r i t i c a l  temperature  i s  observed. 
I f  t h e  s u r f a c e  i s  c a r b u r i z e d ,  t h e  presence of  oxygen l eads  t o  a removal 
of  the carbon a s  C O .  I f  t he  carbon i s  r e p l a c e d  e i t h e r  from t h e  r e s i d u a l  
hydrocarbon vapors  o r  from w i t h i n  t h e  m a t e r i a l ,  t he  e f f e c t  of oxygen 
is  cons iderably  smal le r ,  s i n c e  i t  only t r i e s  t o  counterbalance t h e  
e f f e c t  of c a r b i d e  formation o r  CO d e s o r p t i o n .  
She l ton  a l s o  c a r b u r i z e d  a porous W i o n i z e r  by c o a t i n g  the  s u r f a c e  wi th  
0 . 1  mg/cm2 carbon lampblack from a sooty  i l l u m i n a t i n g  gas  flame and 
h e a t i n g  t h e  i o n i z e r  i n  vacuum. The amount w a s  enough t o  produce a 
l aye r  of  WC and W C 1 .6  microns t h i c k .  This  d e p o s i t  w a s  probably de- 
p l e t e d  by d i f f u s i o n ,  g i v i n g  a carbon-r ich  tungs ten  i n s t e a d .  The i o n i z e r  
2 
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w a s  observed t o  have a f a s t e r  than  normal i n c r e a s e  of t h e  n e u t r a l  
f r a c t i o n  wi th  c u r r e n t  d e n s i t y ,  and no observable  cr i t ical  temperature  
a t  t he  high c u r r e n t  d e n s i t i e s .  However, r epea ted  c a r b u r i z a t i o n  i n  
a c e t y l e n e  (C H ), benzene, and carbon b l ack  d i d  n o t  poison the  i o n i z e r ,  
and low c r i t i c a l  t empera tures  and low n e u t r a l  f r a c t i o n s  were obta ined .  
An i n c r e a s e  i n  e m i s s i v i t y  w a s  observed. Although the  c a r b u r i z a t i o n  ex- 
per iments  are cons idered  inconc lus ive ,  they a r e  sugges t ive  of  problem 
sources  i n  oil-pumped vacuum systems.  
2 2  
The o t h e r  p o t e n t i a l  sources  inc lud ing  the  CLPC and the  p r o p e l l a n t  could 
produce the  e f f e c t s  observed.  However, a l l  of  t he  p o t e n t i a l  sources  
of contaminat ion have been p resen t  i n  a l l  mic ro th rus t e r  ope ra t ions  and 
only some of t hese  have encountered problems. 
2 .3  PROGRAM APPROACH 
The exper imenta l  arrangements designed t o  i d e n t i f y  the  mechanism which 
precluded r e l i a b l e  ope ra t ion  o f .  the m i c r o t h r u s t e r  sys t em a t  f u l l  t h r u s t  
(20 p l b )  were of two k inds :  mod i f i ca t ion  of t he  vacuum f a c i l i t i e s  t o  
improve the  gene ra l  c l e a n l i n e s s  of the  t es t  chamber and mod i f i ca t ions  
t o  the  f l i g h t  power cond i t ion ing  and c o n t r o l  s y s t e m  (CLFC) t o  p e r m i t  
measurements of t h r u s t e r  perveance and i o n i z e r  c r i t i c a l  temperature .  
The f a c i l i t i e s  mod i f i ca t ion  w a s  be l i eved  a necessary  s t e p  toward i so -  
l a t i n g  and/or  i d e n t i f y i n g  the  source of comtamination. The vacuum 
chambers were completely disassembled f o r  c l e a n i n g ,  and pumping s t a t i o n s  
were c leaned  and the  pump o i l  r ep laced .  I n  a d d i t i o n  t o  the normal 
c leanup,  s i g n i f i c a n t  a l t e r a t i o n s  included LN t r a p s  added t o  the rough 
l i n e s  of t he  1 - f t - d i a  chamber used f o r  wick-wett ing and the 2 - f t - d i a  
chamber used f o r  sys t ems  t e s t .  This  w a s  t o  minimize back-streaming of 
pump o i l  o r  vapors  t o  the  chamber s i n c e  they may have con t r ibu ted  t o  
the  i o n i z e r  problem. Also f a b r i c a t e d  w a s  a copper s l eeve  capable  of  
s l i d i n g  i n s i d e  the  e x i s t i n g  LN2 shroud f o r  the 2 - f t - d i a  t e s t  chamber. 
This  s l e e v e  i s  more eas i ly  removed f o r  c l ean ing  than the  e x i s t i n g  shroud.  
2 
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The e x i s t i n g  LN shroud c o n s i s t s  of a ser ies  of  b a f f l e s  which are 
p o t e n t i a l  t raps  f o r  contaminants .  The i o n i z e r  Contaminant may be em- 
bedded i n  these  b a f f l e s  and r e l e a s e d  by ion  bombardment and back- 
s p u t t e r e d  t o  t h e  i o n i z e r .  The s l e e v e  e l i m i n a t e s  t h i s  p o s s i b l e  source 
of  contaminat ion.  
2 
The thermal  enc losure  used f o r  systems t e s t  was a l s o  e x t e n s i v e l y  re- 
worked t o  reduce p o s s i b l e  contaminants and provide f o r  easy c l e a n i n g  
and a c c e s s .  A new b a f f l e  s e p a r a t i n g  t h e  t h r u s t e r  and CLPC p o r t i o n s  of 
t he  vacuum chamber w a s  used t o  improve i s o l a t i o n  between t h e s e  two sec-  
t i o n s .  P r o v i s i o n s  f o r  a n a l y s i s  of t he  r e s i d u a l  gas  composition i n  each 
chamber were a l s o  inc luded  i n  the  f a c i l i t y  m o d i f i c a t i o n  u s i n g  a Veeco 
Res idua l  Gas Analyzer (RGA). 
I o n i z e r  i n v e s t i g a t i o n s  r e q u i r e d  manual v a r i a t i o n s  i n  the power suppl ied  
t o  t he  i o n  engine a s  fol lows:  
a .  I o n i z e r  h e a t e r :  minimum 2.2A a t  4.W 
maximum 2.5A a t  4.8V 
+ 
+- 
b.  High v o l t a g e :  minimum 1.0 kV V , 0.67 kV V -  
maximum 3.5 kV V , 2.33 1 V  V -  
c .  Vapor izer :  v a r i a b l e  from near  zero  t o  e x i s t i n g  maximum 
and a l s o  capable  of  .normal c losed-loop 
o p e r a t i o n .  
To meet these  requirements  temporary modi f ica t ions  t o  t he  CLPC were 
made : 
a .  The normal i o n i z e r  magamp b i a s  w a s  disconnected and a wire 
was brought ou t  of t h e  CLPC to  a l low manual v a r i a t i o n  of  
i o n i z e r  power. To achieve t h e  f u l l  range r e q u i r e d ,  t h e  input  
v o l t a g e  must be approximately 26 t o  2 N ;  s o ,  some of t h e  teleme- 
t r y  channe Is needed t o  be r e c a l i b r a t e d .  
b .  A new f l i g h t  plug was f a b r i c a t e d .  P i n s  33 and 3 4 ,  normally 
j u m p e r e d  t o  p ins  31 and 3 2 ,  were connected t o  an e x t e r n a l  
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wire t o  a l low the HV -24V t o  be s u p p l i e d  s e p a r a t e l y .  A f t e r  
d e s e n s i t i z i n g  the  I- overload sens ing  c i r c u i t  somewhat , t h e  
r e q u i r e d  HV output  range could be achieved by vary ing  t h e  
v o l t a g e  t o  t h e  HV c o n v e r t e r .  
t o  the v a p o r i z e r  magamp w a s  broken and both s i d e s  were brought 
ou t  of  t h e  CLPC, t o g e t h e r  w i t h  a ground l ead .  This  a l lows a 
choice between normal o p e r a t i o n  and open-loop, manually con- 
t r o l l e d  v a p o r i z e r  power. 
c .  The connec t ion  from t h e  v a p o r i z e r  c o n t r o l  c i r c u i t r y  i n  A 1 4  
The program plan  w a s  t o  f i r s t  determine t h e  t h r u s t e r  subsystem o p e r a t i o n  
i n  t h e  UHV chamber u s i n g  l a b o r a t o r y  power s u p p l i e s  and compare t h i s  op- 
e r a t i o n  w i t h  f u l l  system o p e r a t i o n  i n  the  2 x 6 f t  chamber. F u l l  system 
o p e r a t i o n  w a s  e v a l u a t e d  f o r  t h r e e  exper imenta l  arrangements:  t h e  l i n e r  
sleeve and t h e  b a f f l e  s e p a r a t i n g  t h e  i o n i z e r  from the CLPC, w i t h  both 
i n  p o s i t i o n ;  t h e  b a f f l e  removed from the 2 x 6 f t  chamber but  w i t h  t h e  
liner s l e e v e  i n  p c s i t i o n ;  and both t h e  b a f f l e  and t h e  l i n e r  sleeve re- 
moved from the  2 x 6 f t  chamber. The e v a l u a t i o n s  of  o p e r a t i o n  were 
based p r i m a r i l y  on measurements o f  i o n i z e r  c r i t i c a l  temperatures ,  t h e  
perveance of  t he  t h r u s t e r  subsystem, and the  response t o  both open and 
c losed  loop commands. To supplement t hese  d a t a ,  t h e  kinds and r e l a t i v e  
amounts o f  background gas  i n  the chambers were examined us ing  the  RGA 
i n  t h e  hope of c o r r e l a t i n g  t h e  background gas  composition w i t h  the  
t h r u s t e r  performance and wi th  t h e  p o s s i b l e  reasons  f o r  v a r i a t i o n s  i n  
background gas  composi t ion.  
2.4 EXPERIMENTAL RESULTS 
During t h e  program, f i v e  i o n i z e r s  and t h r e e  r e s e r v o i r - v a l  re assemblie  
were used  t o  provide f i v e  t h r u s t e r  subassemblies  f o r  t e s t i n g .  The 
i o n i z e r - r e s e r v o i r  combinations used are l i s t e d  below i n  the  order  of 
t e s t i n g ,  which w i l l  a l s o  be used f o r  i d e n t i f i c a t i o n  purposes.  
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Subassembly Number I o n i z e r  (S/N) Reservoi r  (S/N) 
1 14 03 
2 13 03 
3 19 02 
4 482 03 
5 18 08 
Of t h e s e ,  only t h r u s t e r  subassemblies  No. 1 and N o .  5 opera ted  sa t i s -  
f a c t o r i l y  enough i n  t h e  UHV chamber w i t h  l a b o r a t o r y  s u p p l i e s  t o  proceed 
t o  f u l l  system o p e r a t i o n  i n  the  2- x 6 - f t  chamber. 
The f i r s t  t e s t ,  subassembly No. 1, went i n  accordance w i t h  t h e  g e n e r a l  
plan of  t h e  program. Opera t ion  i n  t h e  UHV chamber inc luded  r e s e r v o i r  
wick w e t t i n g ,  v a p o r i z e r  frequency response  de t e rmina t ions  , and eva lua-  
t i o n  of  t h r u s t e r  subassembly o p e r a t i o n  u s i n g  l abora to ry  power s u p p l i e s .  
I n  a l l  phases  of  t h e s e  t e s t s ,  t he  t h r u s t e r  func t ioned  f l a w l e s s l y  a t  
t h r u s t  l e v e l s  up t o  and inc lud ing  20 p l b .  Typ ica l  c r i t i c a l  temperature  
and perveance d a t a  are shown i n  F igs .  1 and 2 ,  r e s p e c t i v e l y .  C r i t i c a l  
tempera ture  measurements, performed over a span of  10 days and a t  1000 p,A 
beam c u r r e n t ,  c o n s t a n t l y  y i e lded  upper c r i t i c a l  tempera tures  o f  approxi-  
mately 1 1 4 O O C .  
c r i t i c a l  temperature  i s  measured w i t h  the i o n i z e r  temperature  i n c r e a s i n g ;  
lower c r i t i c a l  temperature  i s  measured wi th  the  i o n i z e r  temperature  
dec reas ing .  
0 Lower c r i t i c a l  t empera tures  were - 40 C lower. Upper  
The perveance of the t h r u s t e r ,  a l s o  measured, w a s  on the  o rde r  of 6 
nanopervs , c a l c u l a t e d  from n e t  a c c e l e r a t i n g  p o t e n t i a l .  The c u r r e n t  ob- 
t a i n e d  was no t  p r o p o r t i o n a l  t o  V3'2,  and i t  a l s o  i n d i c a t e d  t h a t  t he  
t h r u s t e r  w a s  perveance- l imi ted  a t  the  3 k V  V o p e r a t i n g  v o l t a g e .  + 
Attempts t o  ope ra t e  t h e  t h r u s t e r  i n  the  UHV chamber us ing  a CLPC loca ted  
o u t s i d e  the vacuum s y s t e m  were unsuccess fu l  because of  vo l t age  drops 
i n  the  l e a d s  and vacuum feedthroughs.  
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F i g u r e  1. T h r u s t e r  Subsystem SN 15 C r i t i c a l  Temperature 
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Figure  2 .  Thrus t e r  Subsystem SN 15 Perveance 
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T e s t i n g  of  subassembly No. 1 w a s  then  t r a n s f e r e d  t o  the 2- x 6 - f t  chamber, 
w i t h  t h e  t h r u s t e r  i s o l a t e d  from d i r e c t  l i n e  of  s i g h t  contaminat ion by 
t h e  CLPC through the  u s e  of b a f f l i n g  and g a s k e t i n g .  The f i r s t  ser ies  
of  t es t s  were performed w i t h  t h e  l i n e r  sleeve used t o  i s o l a t e  t h e  
t h r u s t e r  from t h e  LN shroud i n  p o s i t i o n .  For t h e  second ser ies  of 
t e s t s ,  t h i s  l i n e r  sleeve w a s  removed and t h e  exhaus t  beam from t h e  
t h r u s t e r  w a s  al lowed t o  impinge upon t h e  shroud. 
2 
During t h e  two ser ies  of t e s t s ,  s e v e r a l  de te rmina t ions  o f  c r i t i c a l  t e m -  
p e r a t u r e ,  perveance, and r e s i d u a l  gas  composition were made f o r  com- 
p a r i s o n s  between each series of t es t s  and wi th  t h e  ear l ie r  d a t a  obta ined  
i n  t h e  1- x 3 - f t  system u s i n g  l a b o r a t o r y  s u p p l i e s .  
The o p e r a t i o n  of t h e  t h r u s t e r  w a s  markedly d i f f e r e n t  dur ing  t h e  two 
ser ies  o f  t es t s  conducted i n  t h e  2- x 6 - f t  f a c i l i t y .  During t h e  ser ies  
wi th  t h e  l i n e r  s l e e v e  i n  p o s i t i o n ,  o p e r a t i o n  was f l a w l e s s .  There w a s  
no d i f f i c u l t y  i n  o b t a i n i n g  1000 PA beam c u r r e n t s  i n  e i t h e r  open o r  
c l o s e d  loop v a p o r i z e r  o p e r a t i o n ,  and t h e r e  was no h i n t  of i o n i z e r  con- 
tamina t ion .  C r i t i c a l  temperature measurements i n d i c a t e d  t h a t  t he  lower 
c r i t i c a l  temperature  a t  1000 pA (20 p l b )  occurred a t  1 0 3 5 O C .  
During t h e  ser ies  wi thout  the l i n e r  s l e e v e ,  t h e r e  w a s  cons iderable  d i f -  
f i c u l t y  i n  i n i t i a l l y  a t t a i n i n g  a beam c u r r e n t  of  1000 p,A, and t h a t  cu r -  
r e n t  l e v e l  could only be a t t a i n e d  i n  open loop v a p o r i z e r  o p e r a t i o n .  
Every a t t e m p t  t o  go from 15 p l b  t o  20 p l b  i n  c l o s e d  loop o p e r a t i o n  re- 
s u l t e d  i n  " r o l l  over." The lower c r i t i c a l  temperature  a t  1000 pA i n i -  
t i a l l y  occurred a t  1100 C y  but  i t  g r a d u a l l y  decreased t o  1O7O0C as t h e  
t e s t  cont inued .  I n  most c a s e s ,  t h e  upper and lower c r i t i c a l  tempera- 
t u r e s  were q u i t e  s i m i l a r .  However, because thermal  feedback from t h e  
i o n i z e r  t o  the v a p o r i z e r  a f f e c t s  t h e  cesium vapor flow r a t e ,  upper 
c r i t i c a l  temperatures  were obta ined  by e x t r a p o l a t i o n .  This  i s  of 
l i t t l e  consequence; t h e  p r i n c i p a l  concern w a s  w i t h  lower c r i t i c a l  
0 
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t empera tures  s i n c e  " ro l l -over"  occurs  i n  going from low t o  h igh  cesium 
coverage on t h e  i o n i z e r  a t  a given i o n i z e r  t e m p e r a t u r e .  T h i s  c o n d i t i o n  
i s  approximated by reducing  t h e  i o n i z e r  temperature  a t  a f i x e d  cesium 
supply r a t e  t o  determine c r i t i c a l  tempera ture .  
The change i n  t h r u s t e r  o p e r a t i o n  and i n  c r i t i c a l  temperature w a s  accom- 
panied by a n  a l t e r a t i o n  i n  t h e  r e s i d u a l  gas  composi t ion,  and t h e  de- 
graded performance 
and adsorbed gases  
w a s  a t t r i b u t e d  
s p u t t e r e d  from 
t o  an i n t e r a c t i o n  between t h e  i o n i z e r  
t h e  prev ious ly  unexposed LN shroud. 2 
T e s t i n g  cont inued a f t e r  t h e  removal of t h e  b a f f l e  which s e p a r a t e d  t h e  
CLPC and t h e  t h r u s t e r .  The copper l i n e r  s l e e v e  w a s  r e i n s e r t e d  i n t o  t h e  
LN shroud t o  prec lude  f u r t h e r  contaminat ion by t h e  shroud whi le  exam- 
i n i n g  t h e  e f f e c t s  of  a l lowing  t h e  CLPC t o  communicate w i t h  t h e  t h r u s t e r .  
2 
The o p e r a t i o n  of  t he  t h r u s t e r  i n d i c a t e d  t h a t  t h e  i o n i z e r  was s t i l l  con- 
taminated and t h a t  performance was s l i g h t l y  degraded from t h a t  of  the 
preceding t e s t  s e r i e s .  I t  was very d i f f i c u l t  t o  a t t a i n  a beam c u r r e n t  
of  1000 pA s i n c e  i t  w a s  necessary  t o  i n c r e a s e  t h e  i o n i z e r  temperature  
above normal t o  reach  t h a t  l e v e l .  The a c c e l e r a t o r  d r a i n  c u r r e n t s  were 
e r r a t i c ,  w i t h  o c c a s i o n a l  s p i k e s .  Recovery w a s  slower from the  h igh  
l e v e l s  t h a t  accompany c r i t i c a l  temperature  de te rmina t ions  than  i t  w a s  
i n  the e a r l i e r  t e s t  se r ies .  The c r i t i c a l  temperature  occurred a t  about 
l l O O ° C ,  and i t  remained a t  t h a t  l e v e l  throughout the t e s t .  
The composi t ion of t h e  r e s i d u a l  gas  i n  the vacuum system wi th  t h e  b a f f l e  
removed showed a wider v a r i a t i o n  wi th  time than  i n  the two previous 
t e s t  s e r i e s .  I n i t i a l l y ,  wi th  the  t h r u s t e r  o f f ,  h igh  readings  were ob- 
t a i n e d  over  t he  e n t i r e  range scanned (300 t o  1 2  h W / e ) .  A f t e r  running 
t h e  t h r u s t e r  f o r  a s h o r t  t i m e ,  t he  readings  i n  the 300 t o  60 AMU/e 
range had decreased by about  an o r d e r  of  magnitude. The readings  i n  
t h i s  range dropped below, and remained below, the d e t e c t i o n  c a p a b i l i t y  
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o f  t h e  r e s i d u a l  gas  zna lyzer  a f t e r  t h e  t h r u s t e r  w a s  operated o v e r n i g h t  
a t  t h e  5 F lb  t h r u s t  l e v e l .  Typica l  v a r i a t i o n s  i n  t h e  60 t o  12 AMU/e  
range are i l l u s t r a t e d  i n  Table I1 which a l s o  i n c l u d e s  t h e  d a t a  from t h e  
two preceding t e s t  ser ies  f o r  comparative purposes.  I n  t h e  previous 
t es t  se r ies ,  where contaminat ion was i n f e r r e d  from the  way t h e  t h r u s t e r  
o p e r a t e d ,  t h e  r e a d i n g s  f o r  v a l u e s  of AMU/e of 28 (CO or  N 2 ) ,  32 (02) 
and 14 (CH o r  N) observed when the  LN2 shroud w a s  exposed t o  t h e  i o n  
beam i n d i c a t e d  t h a t  oxygen and hydrocarbon vapors  were being desorbed 
o r  s p u t t e r e d  from t h e  l i n e r  and were r e a c t i n g  w i t h  the  i o n i z e r  t o  g i v e  
r i s e  t o  t h e  i n c r e a s e d  readings  of C O .  The f u r t h e r  degrada t ion  of  
t h r u s t e r  performance accompanied by i n c r e a s e s  i n  t h e  r e s i d u a l  gas  read-  
i n g s  w a s  i n  l i n e  w i t h  t h i s  h y p o t h e s i s ;  i . e . ,  oxygen and hydrocarbon 
vapors  were r e a c t i n g  w i t h  t h e  i o n i z e r  and producing t h e  d e l e t e r i o u s  
e f f e c t  observable  as “ r o l l - o v e r  .If 
2 
To s u b s t a n t i a t e  t h e s e  f i n d i n g s ,  subassembly No. 2 was i n s t a l l e d  i n  t h e  
UHV chamber f o r  t e s t i n g  us ing  l a b o r a t o r y  power s u p p l i e s .  ‘Because of 
exper imenta l  d i f f i c u l t i e s ,  i n c l u d i n g  a vacuum s y s t e m  l e a k  i n  t h e  UHV 
1- x 3 - f t  vacuum f a c i l i t y ,  t h e  r e s u l t s  ob ta ined  may n o t  be completely 
p e r t i n e n t  t o  t h e  type of  contaminat ion observed i n  f l i g h t  q u a l i f i c a t i o n  
t e s t i n g .  I o n i z e r  contaminat ion e f f e c t s  were observed i n  t es t s  w i t h  
subassembly No. 2 ,  and i t  w a s  decided t h a t  both the  vacuum and t h e  feed 
system ( r e s e r v o i r  S/N 03) could be sources  of  t he  Contamination. To 
v e r i f y  t h e s e  c o n c l u s i o n s ,  another  feed s y s t e m  ( r e s e r v o i r  S / N  08) was 
loaded and,  as subassembly No. 3 ,  i t  was i n s t a l l e d  i n  t h e  2 -  x 6 - f t  
vacuum system. A t t e m p t s  t o  w e t  t he  porous n i c k e l  wick f a i l e d .  Conse- 
q u e n t l y ,  a t h i r d  i o n i z e r  (S/N 482) and the  s u s p e c t  feed s y s t e m  ( r e s e r -  
v o i r  SIN 03) were i n s t a l l e d  a s  subassembly No. 4 i n  the  2- x 6 - f t  vacuum 
system i n  a f u r t h e r  a t tempt  t o  e s t a b l i s h  the  source of contaminat ion.  
I n  t h i s  t e s t ,  i o n i z e r  contaminat ion e f f e c t s  were observed almost imme- 
d i a t e l y .  They i n d i c a t e d  t h a t  t he  feed s y s t e m  w a s  t he  p r i n c i p a l  source 
of  contaminat ion f o r  i o n i z e r s  S / N  13 and 482. 
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The las t  a v a i l a b l e  i o n i z e r  assembly and a newly loaded r e s e r v o i r  
assembly were used i n  subassembly No. 5 .  Opera t ion  i n  t h e  UHV chamber 
was f l a w l e s s  dur ing  wick w e t t i n g ,  v a p o r i z e r  f requency response determi-  
n a t i o n s ,  and t h e  e v a l u a t i o n  of  t h r u s t e r  performance u s i n g  l a b o r a t o r y  
power s u p p l i e s .  
No. 1, i n c l u d i n g  a n  i d e n t i c a l  upper c r i t i c a l  temperature  of -1140 C .  
The o p e r a t i o n  w a s  very  s imilar  t o  t h a t  of  subassembly 
0 
T e s t i n g  of  subassembly No. 5 was then  t r a n s f e r r e d  t o  t h e  2- x 6 - f t  
chamber a f te r  mating w i t h  t h e  CLPC. The CLPC had been modified back 
t o  t h e  o r i g i n a l  f l i g h t  v e r s i o n  as r e q u i r e d  f o r  t e s t i n g  t h e  new modules; 
t h e r e f o r e ,  t h e  p r o v i s i o n s  f o r  vary ing  t h e  i o n i z e r  tempera ture ,  v a r y i n g  
V+, and open o r  c l o s e d  loop v a p o r i z e r  o p e r a t i o n  were l o s t .  
t h e r e f o r e  necessary  t o  o p e r a t e  t h e  t h r u s t e r  as a f l i g h t  u n i t .  I n  addi -  
t i o n ,  t h e  t e s t  sequence w a s  a l t e r e d  from t h a t  used wi th  subassembly 
No. 1. S i n c e  i t  was f e l t  t h a t  t h e  LN shroud was t h e  most probable  
source  o f  contaminat ion ,  t h e  b a f f l e  s e p a r a t i n g  t h e  i o n i z e r  and t h e  CLPC 
was removed p r i o r  t o  removal of t h e  l i n e r  sleeve. During a l l  t e s t i n g  
sequences,  t h e  t h r u s t e r  system o p e r a t i o n  was near  p e r f e c t .  With both  
t h e  l i n e r  s l e e v e  and t h e  b a f f l e  removed, t h e r e  were o c c a s i o n a l  o s c i l l a -  
t i o n s  i n  t h e  v a p o r i z e r  c u r r e n t  w i t h  corresponding o s c i l l a t i o n s  i n  beam 
c u r r e n t  and o c c a s i o n a l  i n c r e a s e s  i n  a c c e l e r a t o r  d r a i n  c u r r e n t .  I n  gen- 
eral ,  however, t h e  t h r u s t e r  operated s a t i s f a c t o r i l y  even w i t h  t h e  L,N 
shroud exposed t o  t h e  beam. The r e s i d u a l  gas  composition i n d i c a t e d  
t h a t  s i g n i f i c a n t  q u a n t i t i e s  of  hydrocarbon vapors  and oxygen were 
p r e s e n t  and were r e a c t i n g  w i t h  t h e  i o n i z e r  t o  i n c r e a s e  t h e  amount of 
CO (AMU/e of 28) p r e s e n t  i n  t h e  chamber; however, t h e  i o n i z e r  was no t  
contaminated. I n  a d e l i b e r a t e  a t tempt  t o  contaminate  t h e  i o n i z e r ,  hy- 
drocarbon vapor from t h e  rough pump was caused t o  backstream i n t o  t h e  
chamber and t h e  t h r u s t e r  was operated i n  t h i s  "contaminant r i c h "  envi-  
ronment. I f  anyth ing ,  t h e  o p e r a t i o n  was s u p e r i o r  t o  t h a t  observed pre-  
v i o u s l y  even though t h e  q u a n t i t i e s  of  hydrocarbon vapor were much l a r g e r  
than  i n  any of t h e  preceding  t e s t  se r ies .  The CO peak was o f f  s c a l e  
(> 100) as a r e s u l t  of t h e  hydrocarbon-oxygen i n t e r a c t i o n  w i t h  t h e  
i o n i z e r  and was p o s i t i v e l y  i d e n t i f i e d  i n  t h i s  t e s t .  
It was 
2 
2 
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2.5  SUMMARY OF RESULTS 
During t h i s  program, p o t e n t i a l  kinds and sources  of  i o n i z e r  contaminat ion 
have been cons idered  and experiments designed t o  e v a l u a t e  the presence 
of  contaminants  have been performed. Contamination o r  c h a r a c t e r i s t i c s  
c o n s i s t e n t  wi th  those  expected i f  i o n i z e r s  are contaminated were ob- 
served .  There i s  evidence from one t e s t  t h a t  t h e  vacuum chamber envi-  
ronment can i n f l u e n c e  t h r u s t e r  o p e r a t i o n ;  t h i s  evidence i s  r e f u t e d  by 
evidence from a n c t h e r  t es t .  There i s  a l s o  evidence from two tes ts  t h a t  
the r e s e r v o i r  assembly w a s  r e s p o n s i b l e  f o r  observed contaminat ion even 
though another  ( p r i o r )  ser ies  of t es t s ,  which used t h e  same r e s e r v o i r  
assembly, w a s  i n i t i a l l y  f l a w l e s s .  
I n  summation, no conclus ive  r e s u l t s  were obta ined  t h a t  i d e n t i f y  t h e  
contaminat ion o r  source  of contaminat ion observed i n  f l i g h t  q u a l i f i c a -  
t i o n  t e s t i n g  of  ATS m i c r o t h r u s t e r s .  
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SECTION 3 
I O N I Z E R  PROTECTIVE COATINGS 
3 .1  COATING BENEFITS 
The p r o j e c t  endeavors t o  f i n d  an i o n i z e r  c o a t i n g  material  f o r  prelaunch 
t h r u s t e r  p r o t e c t i o n .  A twofold g o a l  i s  a n t i c i p a t e d .  F i r s t ,  t h e  i o n i z e r  
b u t t o n  i t s e l f  w i l l  be p r o t e c t e d  from contaminat ion due t o  a i r b o r n e  p a r -  
t i c l e s .  I t  i s  b e l i e v e d  t h a t  t h e  proximity of t h e  s p a c e c r a f t  launch f a -  
c i l i t i e s  t o  the ocean s u b j e c t s  t he  t h r u s t e r s  t o  h igh  c o n c e n t r a t i o n s  of  
a i r b o r n e  s a l t s .  These w i l l  be kept  from clogging the i o n i z e r  by a 
s u i t a b l e  c o a t i n g .  Second, s i n c e  t h e  t h r u s t e r s  remain on t h e  e a r t h  e f -  
f e c t i v e l y  i n  s t o r a g e  a f t e r  t h e  feed tube  wick has  been w e t t e d ,  s e a l i n g  
of  t h e  i o n i z e r  w i l l  p revent  contaminat ion of  any cesium l e f t  i n  t h e  
feed tube  between the v a p o r i z e r  and t h e  i o n i z e r .  Obviously,  such pro- 
t e c t i o n  w i l l  i n c r e a s e  t h e  l e v e l  of  confidence i n  t h r u s t e r  systems which 
have endured lengthy  s t o r a g e  per iods  on the e a r t h  p r i o r  t o  launch. 
3 .2  COATING REQUIREMENTS AND SELECTION OF COATINGS 
S e l e c t i o n  of a s u i t a b l e  c o a t i n g  n e c e s s i t a t e s  c o n s i d e r a t i o n  of perform- 
ance requirements  as w e l l  as manufactur ing and assembly processes .  The 
per iod when the  r i s k  of  contaminat ion becomes g r e a t  i s  t h a t  per iod  be- 
tween f i n a l  acceptance t e s t i n g  a t  the s u p p l i e r  and launching o u t  o f  t h e  
atmosphere.  
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T h e r e f o r e ,  a c o a t i n g  is  r e q u i r e d  which can be a p p l i e d  t o  t h e  t h r u s t e r  
a f t e r  o p e r a t i o n a l  acceptance  t e s t i n g .  The c o a t i n g  must then  remain 
s t a b l e  i n  a i r  f o r  a per iod  of  one y e a r  a t  temperatures  encountered 
dur ing  s t o r a g e ,  f l i g h t  p r e p a r a t i o n ,  and launching.  The c o a t i n g  must 
a l s o  have a reasonable  s t a b i l i t y  i n  vacuum so t h a t  i t  w i l l  remain i n t a c t  
i n  o r b i t .  Then, i t  w i l l  be p o s s i b l e  t o  p r o t e c t  t h e  t h r u s t e r  from t h e  
e f f e c t s  of ou tgass ing  o f  t he  s p a c e c r a f t .  The s p e c i f i e d  s t o r a g e  t e m -  
p e r a t u r e  f o r  t h e  t h r u s t e r  i s  100 F.  To provide a margin of s a f e t y ,  t h e  
i n v e s t i g a t i o n  w a s  conf ined  t o  c o a t i n g  materials w i t h  minimum i n d e f i n i t e  
p e r i o d  s e r v i c e  temperatures  i n  a i r  g r e a t e r  than 115 F .  
0 
0 
The upper s e r v i c e  temperature  s p e c i f i c a t i o n  must be chosen as low as 
p o s s i b l e  t o  ensure  t h a t  the c o a t i n g  material  w i l l  n o t  i n t e r f e r e  w i t h  
the o p e r a t i o n  of  t he  t h r u s t e r .  The c o a t i n g  m a t e r i a l  must e v a p o r a t e ,  
l eav ing  no r e s i d u e  as t h e  i o n i z e r  i s  hea ted  t h e  f i r s t  time a f t e r  a p p l i -  
c a t i o n  o f  t h e  c o a t i n g .  I t  t a k e s  about  5 minutes f o r  t h e  t h r u s t e r  t o  
reach  1000°C. A t  t h i s  temperature  i t  i s  f e a r e d  any c o a t i n g  remaining 
upon t h e  i o n i z e r  would e f f e c t  i t  d e t r i m e n t a l l y .  Keeping these  tempera- 
t u r e  c o n s t r a i n t s  i n  mind, i t  was decided t o  i n v e s t i g a t e  the m a t e r i a l s  
f o r  p r o t e c t i v e  c o a t i n g s  which a r e  g iven  i n  Table 111. 
Meta l l ic  cadmium w a s  chosen f o r  i t s  low mel t ing  p o i n t ,  high vapor pres -  
s u r e ,  and i n e r t n e s s  w i t h  respec t  t o  tungs ten .  The v a r i o u s  p l a s t i c  ma-  
t e r ia l s ,  which were chosen from a l i s t  of  modern p l a s t i c s ,  were selected 
s o l e l y  on the  b a s i s  of having the  lowest s e r v i c e  temperatures  above 
115'F. 
The b iphenyl  was chosen because o f  s u c c e s s f u l  a p p l i c a t i o n  t o  the pro- 
t e c t i v e  s e a l i n g  o f  r e s i s t o j e t  n o z z l e s .  
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3 . 3  APPLICATION OF COATINGS TO IONIZERS 
A p p l i c a t i o n  of  t h e  p l a s t i c  materials t o  t h e  i o n i z e r  w a s  then  cons idered .  
J u s t  as i t  was necessary  t o  p r o t e c t  t he  i o n i z e r  from degrada t ion  because 
of t he  temperature  requirements  , i t  w a s  a l s o  necessary  t o  determine 
t h a t  t h e  a p p l i c a t i o n  o f  t h e  p las t ics  would n o t  leave harmful r e s i d u e s  
on a n  i o n i z e r  o r  damage i t  i n  o t h e r  w a y s .  The u r e t h a n e ,  u r e a  formalde- 
hyde, and v i n y l  formal  molding compounds r e q u i r e d  p l a s t i c i z i n g  processes  
t h a t  were f e l t  t o  be harmful .  Heat c u r i n g  w a s  one method, b u t  t h i s  w a s  
f e l t  t o  be unwise a s  temperature  c o n t r o l  would be d i f f i c u l t  on the  
i o n i z e r  b u t t o n .  Also ,  t hese  materials g ive  o f f  formaldehyde r e s i d u e s  
upon c u r i n g  and the  e f f e c t  of such chemicals  upon the tungs ten  i o n i z e r  
a t  e l e v a t e d  temperatures  i s  n a t u r a l l y  t o  be suspec ted .  
Chemical p r e c i p i t a t i o n  was the  o t h e r  method f o r  s e t t i n g  these  p l a s t i c s .  
Ammonium c h l o r i d e  sal ts  and p r e c i p i t a t i o n  from a hydrochlor ic  a c i d  so-  
l u t i o n  i s  involved.  Chlor ides  of  tungs ten  might form i n  the  process  
and t h e s e  would probably harm the  i o n i z e r .  Thus, t h e  u r e t h a n e ,  u r e a  
formaldehyde and v i n y l  formal molding compounds were r e j e c t e d  due t o  
expected d i f f i c u l t i e s  i n  a p p l i c a t i o n  t o  t h e  i o n i z e r  b u t t o n .  
The p l a s t i c  materials cons idered  f o r  f u r t h e r  i n v e s t i g a t i o n  were s o l u b l e  
i n  organic  s o l v e n t s ,  which were leas t  l i k e l y  t o  harm the  i o n i z e r .  I t  
w a s  planned from the  o u t s e t  t o  vapor-deposi t  t he  cadmium, s o  t h e  ques- 
t i o n  of contaminat ion by s o l v e n t s  d i d  no t  a r i s e .  
3.4 SEALING AND EVAPORATION TESTS 
Having decided which materials met t h e  temperature  requirements  and 
a p p l i c a t i o n  c o n s i d e r a t i o n s ,  t e s t s  were devised t o  check a c c e p t a b i l i t y  
i n  pract ice .  T h i s  implied t e s t i n g  ease of a p p l i c a t i o n ,  a b i l i t y  t o  seal  
a n  i o n i z e r ,  s h o r t  term f i l m  s t a b i l i t y  i n  vacuum, and evapora t ion  wi thout  
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t r a c e  d u r i n g  h e a t i n g  o f  t he  tungs ten .  I t  w a s  found t h a t  the p l a s t i c  
materials d i s s o l v e d  e a s i l y  i n  t h e  r a t i o  o f  100 mi l l ig rams of p l a s t i c  
t o  one m i l l i l i t e r  o f  s o l v e n t .  
For a p p l i c a t i o n  and temperature  range t e s t s  t h e  v a r i o u s  materials were 
a p p l i e d  t o  f l a t  porous tungs ten  d i s k s  o r  "but tons"  of a s i z e  similar 
t o  t h e  s p h e r i c a l  i o n i z e r s  (1 mm t h i c k  by 5 mm i n  d i a m e t e r ) .  The but tons  
were f i r s t  t e s t e d  f o r  permeabi l i ty  t o  n i t r o g e n  g a s ,  as i s  done w i t h  
normal i o n i z e r s .  Then, they were photographed and coated w i t h  t h e i r  
p a r t i c u l a r  p l a s t i c  s e a l i n g  material. A f t e r  dry ing  i n  a i r ,  t h e  b u t t o n s  
were a g a i n  permeabi l i ty  checked t o  determine i f  s e a l i n g  of t he  s u r f a c e  
had been e f f e c t e d .  Table I V ,  "Gas Permeabi l i ty  of  Tungsten Buttons,"  
shows t h e  d a t a .  Three mater ia ls ,  S tyron  475 and 666 and cadmium were 
p e r f e c t  s e a l a n t s ;  Tybrene and b iphenyl  were e f f e c t i v e  t o  a lesser degree .  
A t  t h i s  s t a g e  i n  the proceedings t h e  biphenyl  compound w a s  found t o  be 
unacceptab le .  I t  evaporated completely w i t h i n  24 hours a f t e r  be ing  
coa ted  onto  a tungs ten  b u t t o n .  The e f f e c t  w a s  checked numerous times 
a f t e r  r e c o a t i n g  t o  ensure  the c o r r e c t n e s s  of t he  r e s u l t .  I t  i s  assumed 
t h a t  t h e  e f f e c t  would be a c c e l e r a t e d  i n  a vacuum. Success w i t h  t h i s  
material i n  another  a p p l i c a t i o n  was probably due t o  the  f a c t  t h a t  i t  
w a s  used t o  s e a l  the i n s i d e  o f  a small-diameter t ube .  Such a configu-  
r a t i o n  would n a t u r a l l y  tend t o  hamper subl imat ion  of the m a t e r i a l .  
The p l a s t i c  c o a t i n g  materials found t o  be a c c e p t a b l e  €or  ease  of c o a t i n g  
and shor t - te rm s t a b i l i t y  i n  the  atmosphere were e t h y l  c e l l u l o s e  ( s o l u b l e  
i n  t o l u e n e ) ,  S tyron  475U (polys tyrene  wi th  4 t o  6% b u t a d i e n e ) ,  S tyron  
666U ( p o l y s t y r e n e ) ,  and Tybrene 213 ( a c r y l o n i t r i l e ,  butadiene , s t y r e n e  
polymer).  The las t  t h r e e  m a t e r i a l s  a r e  s o l u b l e  i n  methyl-ethyl-ketone.  
The b u t t o n s  were photographed a f t e r  checking the gas permeabi l i ty  when 
coa ted  w i t h  the a c c e p t a b l e  materials.  Next, they were heated on a f l a t  
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TABLE I V  
GAS PERMEABILITY OF TUNGSTEN BUTTONS* 
Gas Flow T i m e s  
Uncoated Coated** Coated and 
Coat ing  Material But ton Button Heated Button 
S tyron  475 25.6 s e c  impermeable 25.6 sec 
Styron  666 29.0 sec impermeable 27.3 sec 
Tybrene 213 30.0 2 16 no t  measured 
E t h y l  c e l l u l o s e  38.2 218.3 39.6 
Metallic cadmium 17.9 impermeable no t  measured 
Time *** 
Change 
none 
-5.8% 
+3.7% 
*Measured as t i m e  f o r  10 cc  d ry  N2 gas  a t  10 p s i g  t o  pass  through the  
b u t t o n .  Lower t i m e s  mean h i g h e r  permeabi l i ty  and v.ice v e r s a .  
**Whange i n  t i m e  between an  uncoated bu t ton  and a bu t ton  t h a t  has  
**High times i n d i c a t e  good s e a l i n g  p r o p e r t i e s .  
been coa ted  and h e a t e d .  
. 
h e a t e r  p l a t e  i n  the  vacuum chamber. The b u t t o n  temperature  w a s  moni- 
t o red  w i t h  an  o p t i c a l  pyrometer which i n d i c a t e d  a temperature  rise t o  
900°C i n  10 minutes.  
before  t h e  bu t tons  had reached 7OO0C ( t h i s  w a s  t h e  lower reading  l i m i t  
of  the  pyrometer) .  Evapora t ion  w a s  v i s u a l l y  d e t e c t e d  through the  py- 
rometer t e l e scope  by watching the  f i l m  d i sappea r  from the  bu t ton .  
I n  a l l  cases the  c o a t i n g  materials evapora ted  
A f t e r  t he  h e a t i n g  t es t ,  the  bu t tons  were photographed aga in  and examined 
f o r  evidence of any s u p e r f i c i a l  changes t o  the  p l a s t i c  materials. The 
two s t y r e n e  p las t ics  and the a c r y l o n i t r i l e - b u t a d i e n e - s t y r e n e  (Tybrene 
213) appeared unchanged. However, t h e r e  were l i t t l e  brawn s p o t s  of 
about  1 / 2  mm diameter  on the  bu t ton  t h a t  had been coa ted  w i t h  e t h y l  
c e l l u l o s e .  Not wish ing  t o  become involved i n  t h e  i n v e s t i g a t i o n  o f  t he  
reason  f o r  t hese  s p o t s ,  and assuming t h a t  they implied some mod i f i ca t ion  
o f  the  tungs t en  s u r f a c e ,  i t  w a s  decided t o  re jec t  e t h y l  c e l l u l o s e  as 
an  u n f i t  coa t ing .  I t  w a s  found t h a t  t he  o the r  c o a t i n g s  had evapora ted  
completely and d i d  n o t  lower the  gas  pe rmeab i l i t y  of t he  bu t tons  from 
t h e i r  p recoa t ing  va lues  as i n d i c a t e d  i n  Table IV. 
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The c o a t i n g  and hea tup  t e s t s  r e s u l t e d  i n  a choice  of t h r e e  p l a s t i c  
c o a t i n g  materials which m e t  t h e  i n i t i a l  thermal  and mechanical 
c o n s i d e r a t i o n s .  
The cadmium w a s  a p p l i e d  t o  the b u t t o n  by vapor d e p o s i t i o n .  
arms h e l d  a piece of cadmium f o i l  1 i n .  long a t  a d i s t a n c e  o f  1 i n .  
from t h e  b u t t o n  t o  be coa ted .  
r e s t  of t h e  i o n i z e r  assembly. F igure  3a shows t h e  assembly and F i g .  3b 
shows t h e  shape of t h e  wire  used.  T y p i c a l l y ,  e v a p o r a t i o n  s t a r t e d  a t  
3.5 t o  4A and 0.160V drop i n  the  w i r e .  Evaporat ion l a s t e d  f o r  seven 
minutes  on the  i o n i z e r  t h a t  w a s  t e s t e d .  There w a s  a 0.16OV drop i n  t h e  
w i r e  and t h e  c u r r e n t  decreased from 4.5 t o  2.5A; a t  t h i s  p o i n t  t h e  w i r e  
fuzed open. 
It w a s  found t h a t  50 micrograms of cadmium accumulated i n  two minutes 
a t  3.8A and 0.140 t o  0.17OV. Thus,  w e  e s t i m a t e ,  by m u l t i p l i c a t i o n  of 
t he  t i m e  f a c t o r ,  t h a t  approximately 175 micrograms were p l a t e d  onto the  
i o n i z e r  used i n  the performance tes ts .  A f l a t  b u t t o n  w a s  coa ted  and 
t h e  cadmium provided a n  e f f e c t i v e .  s e a l .  
cadmium had been accumulated on previous programs, t h e  evapora t ion  t e s t  
w a s  d e l e t e d  and p r e p a r a t i o n s  were made f o r  t h r u s t e r  t e s t s .  
Two copper 
A mask w a s  used t o  keep cadmium o f f  t h e  
A t e s t  d e p o s i t i o n  w a s  made on a weighted piece of  f o i l .  
S ince  some exper ience  w i t h  
3.5 PERFORMANCE TESTS 
The n e x t  l o g i c a l  s t e p  i n  the process  involved looking f o r  performance 
changes which might occur i n  t h r u s t e r s  t h a t  had been coated.  For t h i s  
purpose i t  w a s  merely necessary t o  f a b r i c a t e  o r  o b t a i n  a s u f f i c i e n t  
q u a n t i t y  of new i o n i z e r s  t o  t e s t  each of the c o a t i n g  materials; t h e  
t h r e e  p l a s t i c  c o a t i n g s  and the  m e t a l l i c  cadmium were a v a i l a b l e .  Four 
separate tes t s  were conducted u s i n g  complete t h r u s t e r  subsystems con- 
s i s t i n g  o f  a feed s y s t e m ,  i o n i z e r ,  a c c e l e r a t o r  e l e c t r o d e  assembly, and 
n e u t r a l i z e r  assembly. I t  could then be determined i f  t he  c o a t i n g s  i m -  
p a i r e d  t h e  o p e r a t i o n  of  t h e  i o n i z e r  o r  t he  n e u t r a l i z e r s .  A l s o ,  whether 
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Figure  3 .  Cadmium Depos i t ion  Apparatus 
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o r  n o t  t he  evapora t ion  of the c o a t i n g  e f f e c t e d  the  a c c e l e r a t o r  e l e c t r o d e  
i n  such a way as t o  cause high c u r r e n t s  t o  flow t o  i t  (high d r a i n  con- 
d i t i o n )  could be determined.  
Two types  of i o n i z e r  t es t s  were made before  and a f t e r  coa t ing  w i t h  t h e  
va r ious  materials. F i r s t ,  the  t h r u s t e r  w a s  run  t o  see  i f  i t  would op- 
erate proper ly  a t  a 100O-pA beam, t h e  des ign  maximum. Secondly, the 
c r i t i c a l  temperature  of  t he  i o n i z e r  a t  t h i s  beam l e v e l  was determined.  
The c r i t i c a l  temperature  t es t  c o n s i s t s  of  e s t a b l i s h i n g  a s t a b l e  cesium 
f l o w r a t e  and then  measuring the  ion  beam emi t t ed  a t  dec reas ing  and i n -  
c r e a s i n g  i o n i z e r  tempera tures .  
The t e s t s  are run  by lowering the  i o n i z e r  temperature  from the  1160 t o  
118OoC l e v e l  u n t i l  t he  po in t  i s  reached a t  which the  rate of  beam cur-  
r e n t  drop o f f  w i th  t empera tu re  becomes p r e c i p i t o u s .  
A t  t h i s  p o i n t ,  the  i o n i z e r  i s  r ehea ted  and the i n c r e a s e  i n  beam i s  
noted .  C r i t i c a l  temperatures  a r e ' t a k e n  t o  be the  p o i n t s  a t  which 
tangent  l i n e s  t o  the  l e v e l  curve of log  beam v e r s u s  i o n i z e r  temperature  
i n t e r s e c t s  t h e  l i n e  tangent  t o  the d a t a  on the sha rp ly  dec reas ing  l e g .  
F igure  4 " C r i t i c a l  Temperature Measurement," shows such a curve wi th  
the p o i n t s  taken as the  c r i t i c a l  t empera tures  marked upon i t .  
The fo l lowing  paragraphs p re sen t  t he  r e s u l t s  of  t he  t e s t s  conducted 
wi th  t h e  four  c o a t i n g  m a t e r i a l s .  
S tyron  475: An i o n i z e r  t e s t  assembly w a s  given a coa t ing  of S tyron  475. 
The c r i t i c a l  temperatures  (upper and lower) be fo re  coa t ing  were both 
98OoC a t  lOOOpA i on  beam. Af t e r  c o a t i n g  t h e r e  w e r e  high a c c e l e r a t o r  
c u r r e n t s  (- 100 PA) a t  t h e  1000 pA o p e r a t i n g  p o i n t .  A t  850 pA i on  beam, 
the  c r i t i c a l  t empera tures  were approximately 1000 C y  al though the  high 
a c c e l e r a t o r  c u r r e n t s  h indered  the  measurements. S tyron  475 w a s  deemed 
unacceptab le  because o f  t hese  high a c c e l e r a t o r  c u r r e n t s .  
0 
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Figure  4. C r i t i c a l  Temperature Measurement 
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Sty ron  666: The nex t  i o n i z e r  assembly w a s  opera ted  uncoated f o r  
c a l i b r a t i o n .  A f t e r  c o a t i n g  w i t h  S tyron  666 styrene p l a s t i c ,  o p e r a t i o n  
was s u c c e s s f u l .  Measurements of c r i t i ca l  tempera ture  i n d i c a t e d  no i n -  
c r ease  due t o  the  p l a s t i c  material. Table  V p r e s e n t s  before  and a f t e r  
c r i t i c a l  temperature  v a l u e s .  I n  a d d i t i o n ,  n e u t r a l i z e r  performance w a s  
no t  a f f e c t e d  by the  p l a s t i c .  This  p l a t i c  i s  deemed accep tab le .  
Tybrene 213: 
extremely h igh  a c c e l e r a t o r  c u r r e n t s  a t  1000 pA i o n  beam. 
had ope ra t ed  p e r f e c t l y  be fo re  coa t ing .  
c r i t i ca l  temperature  could  n o t  be measured a f t e r  c o a t i n g .  
i s  deemed unacceptab le  because of the  h igh  a c c e l e r a t o r  c u r r e n t s .  
T h i s  p l a s t i c  was a l s o  t e s t e d  on a new i o n i z e r  and caused 
The FoniaPer 
Performance was so paor 
The p l a s t i c  
TABLE V 
CRITICAL TEMPERATURE CHANGES 
a. Effect of "Styron 666" on Cr i t i ca l  Temperature 
Beam Ctrrrent New I o n i z e r  Coated 
1000 PA 
1 l0O0C l0OO0C TCritical 
C r  i t ica 1 1080 980 Lower T 
1050 96 0 ''per TCrit ical  
1040 960 Lower T 
550 t o  600* 
4 C r  i t  ica 1 
b. E f f e c t  of Metallic Cadmium on C r i t i c a l  Temperature 
1100 
1000 u.A 
1105 
Lower T C r  i t  ica 1 1082 1040 
*New I o n i z e r  t e s t e d  at 550 pA, a t  600 pA a f t e r  coa t ing .  
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M e t a l l i c  Cadmium: An i o n i z e r  assembly was ope ra t ed  uncoated f o r  
c a l i b r a t i o n .  
i n  vacuo, o p e r a t i o n  was s u c c e s s f u l .  Measurelaents i n d i c a t e d  a s l i g h t  
decrease  i n  c r i t i c a l  t empera ture .  I n  a d d i t i o n ,  n e u t r a l i z e r  performance 
was s l i g h t l y  ilaproved. 
temperature  d a t a .  
A f t e r  c o a t i n g  wi th  m e t a l l i c  cadmium by vapor d e p o s i t i o n  
Table V p r e s e n t s  t h e  b e i b r e  and a f t e r  c r i t i c a l  
3 .6  1000-HOUR EVAWATION TEST 
Four materials were t e s t e d  and found accep tab le  under  i n i t i a l  c o n d i t i o n s ;  
two of them are accep tab le  as evidenced by t h r u s t e r  performance. 
nex t  and f i n a l  s t e p  i n  the test program was a de te rmina t ion  of long 
t e r m  a c c e p t a b i l i t y  of t h e  c o a t i n g  material. Th i s  could be determined 
only by t e s t i n g  an i o n i z e r ,  which had undergone c o a t i n g ,  fo r  a per iod  
of t i m e  (1000 hours ) .  Due t o  the  t i m i h g  involved i n  s e t t i n g  up a 1000- 
hour test  dur ing  t h e  c o n t r a c t  pe r iod ,  the Styzon 666 w m  chorea as the 
c o a t i n g  material f o r  such a test. 
t h e  cadmium and r e c e f p t  of t h e  cadaium from t h e  s u p p l i e r  were 49Layad; 
consequent ly ,  tests were n o t  completed i n  time to  allaw use  0% B 
fo r  the  1000-hour run .  It seems, from the i n i t i a l  tests, that ca&itl,writ 
would perform well a l s o .  
The 
The vapor d e p o s i t i o n  appa ra tus  for 
A new i o n i z e r  (S/N 34) was assembled w i t h  a va lve  opera ted  feed  system 
(S/N 12-9) .  Operat ion o f  the  t h r u s t e r  was v e r i f i e d  a t  1 OaA beam l e v e l  
w i t h  no a c c e l e r a t o r  c u r r e n t  e v i d e n t ;  the  c r i t i c a l  temperature  was =as- 
ured as 10IO°C. 
A f t e r  t he  i n i t i a l  test r u n ,  t h e  t h r u s t e r  e l e c t r o d e s  were disassembled 
and c l eaned .  A half drop  of S ty ron  666 d i s s o l v e d  i n  methyl-ethyl-ketone 
(100 grams per  m i l l i l i t e r )  w a s  a l lowed t o  spread  Over the i o n i z e r  bu t ton  
s u r f a c e .  Two hours  were allowed f o r  d r y i n g ,  the t h r u s t e r  w a s  reassem- 
b led  and placed i n  a 1 x 3 f t  vacuum system. 
3 1  
The tes t  run w a s  s t a r t e d  a t  12:05 on 10 A p r i l  1969. Success fu l  
o p e r a t i o n  a t  1000 pA beam w a s  exper ienced  f o r  7 1  hour s ,  w i th  a c c e l e r a t o r  
c u r r e n t s  averaging  16 PA. A f t e r  t h i s  t i m e  d r a i n s  s t a r t e d  t o  i n c r e a s e  
t o  a level of 40 PA. D e f l e c t i o n  of 60OV i n  t he  3.y d i r e c t i o n  lowered 
a c c e l e r a t o r  c u r r e n t s  t o  20 pA; d r a i n  c u r r e n t  w a s  predominantly from one 
a c c e l e r a t o r  e l e c t r o d e  segment. 
Af t e r  173 t o t a l  tes t  hour s ,  the I- had inc reased  t o  80 pA w i t h  f u l l  de- 
f l e c t i o n  as above. I t  w a s  decided t o  ope ra t e  a t  a reduced beam l e v e l .  
Upon lowering t o  390 PA, t he  I- c u r r e n t  dropped t o  11 pl. 
tes t  hour s ,  the d r a i n  c u r r e n t  had r i s e n  t o  28 pA. The d e f l e c t i o n  w a s  
tu rned  o f f ,  and the  d r a i n  c u r r e n t  r o s e  only t o 3 0  PA. The beam was 
r a i s e d  t o  490 @ a f t e r  293 tes t  hours .  A 600-V d e f l e c t i o n  i n  the  minus 
x d i r e c t i o n  lowered a 32-@, I- c u r r e n t  t o  24 pA, i n d i c a t i n g  p r i n c i p a l  
d r a i n s  had changed from one d e f l e c t i o n  segment t o  ano the r .  Def l ec t ed  
o p e r a t i o n  w a s  performed through the  remainder of A p r . i l .  The beam cur-  
r e n t  then was 500 @, wi th  25 pA of I-; the  tes t  time was 492 hours .  
No f u r t h e r  d e t e r i o r a t i o n  w a s  seen i n  performance. S i m i l a r  d r a i n  c u r r e n t  
behavior  h a s  been observed on s e v e r a l  o t h e r  t h r u s t e r s  and it is be l i eved  
t h a t  the s t y r e n e  i s  n o t  the  cause of  t h i s  cond i t ion .  
A f t e r  260 
On 16 May t h e r e  were 23 @ of I- c u r r e n t  w i th  the  d e f l e c t i o n  s t i l l  on. 
The beam w a s  r a i s e d  t o  1050 pA and t h e  I- i nc reased  only t o  30 pA. 
d e f l e c t i o n  w a s  switched o f f  and the I- dropped back t o  22 pA. Most of 
t h i s  w a s  s t i l l  going through the p lus  x e l e c t r o d e .  However, i t  should 
be noted t h a t  t h i s  r e p r e s e n t s  an improvement over the  80 pA t o t a l  I- 
seen  a f t e r  173 hour s .  The c r i t i c a l  temperature  w a s  measured and found 
t o  be 1000°C (upper and lower about t h e  same), which compares w e l l  w i t h  
the  10IO°C measured be fo re  c o a t i n g  of the i o n i z e r .  The t h r u s t e r  w a s  
o p e r a t i n g  a t  1000 pA beam and 25 PA I- on 1 7  May. I t  w a s  shu t  o f f  a t  
1740 hours  PDT, a f t e r  having accumulated 893 hours  and 35 minutes  run  
t i m e  s i n c e  commencement of t he  t es t .  The power supply console  w a s  
needed f o r  o the r  tests on the program, and the  o f f  cyc le  o f f e r e d  an  
oppor tun i ty  t o  see i f  t h e  t h r u s t e r  had kept  i t s  restart c a p a b i l i t y .  
The 
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On 3 June 1969 the  t h r u s t e r  w a s  e a s i l y  and s u c c e s s f u l l y  r e s t a r t e d  and 
r a n  s u c c e s s f u l l y  a t  1000 pA beam. 
decreased  t o  between 10 and 20 pA f o r  t he  d u r a t i o n  of t h e  t e s t .  A s  
b e f o r e ,  h a l f  the  t o t a l  I- was concen t r a t ed  i n  the  p lus  x e l e c t r o d e .  
This  could  have been due t o  contaminat ion o f  t h e  e l e c t r o d e  o r  t he  insu-  
l a t o r  by cesium compounds, o r  s l i g h t  misalignment of  t he  e l e c t r o d e  be- 
cause of temperature  e f f e c t s .  
r e n t s  have been n o t i c e d  on o t h e r  t h r u s t e r s  and i t  should n o t  be concluded 
t h a t  t h e s e  a r e  due t o  t h e  c o a t i n g  material. 
The I- w a s  i n i t i a l l y  35 pA, bu t  t h i s  
As w a s  mentioned previous ly  h i g h  I- cur -  
The tes t  w a s  te rmina ted  on 9 June 1969 a f t e r  accumulat ing a t o t a l  run  
t i m e  of  1039.8 hour s ,  of  which 259.8 hours were a t  f u l l  t h r u s t  (1000 pA). 
Table V I  , "1000-Hour T e s t  R e s u l t s  , I '  summarizes the  ope ra t ion  of t h e  
p l a s t i c - c o a t e d  t h r u s t e r .  The o f f  time from 1 7  May t o  3 June i s  n o t  
reckoned i n t o  the  test time c a l c u l a t i o n s .  
3.7 SUMMARY 
Various c o a t i n g  materials were chosen on the  b a s i s  of  s e r v i c e  tempera- 
t u r e  ranges .  They were then i n v e s t i g a t e d  as to  a c c e p t a b i l i t y  of  a p p l i -  
c a t i o n  methods. A t  t h i s  p o i n t ,  u re thane ,  u r e a  formaldehyde, and v i n y l  
formal molding compound were deemed unacceptab le  due t o  expected proce- 
dures  o r  r e s u l t s  of  a p p l i c a t i o n .  The usab le  materials were g iven  coa t -  
i n g  and evapora t ion  tests t o  determine t h e i r  e f f i c i e n c y  as s e a l a n t s  and 
t h e i r  c o m p a t i b i l i t y  w i t h  h e a t i n g  porous tungs ten .  Biphenyl w a s  r e j e c t e d  
a t  t h i s  s t a g e  because i t  evaporated i n  a i r ,  and e t h y l  c e l l u l o s e  w a s  re- 
j e c t e d  because i t  caused the  i o n i z e r  t o  s p o t .  Tests on t he  e f f e c t s  of  
t he  materials upon ope ra t ion  of  i o n i z e r s  were then  conducted. S tyron  
475 plast ic  w a s  r e j e c t e d  as w a s  Tybrene 213 because they  i n t e r f e r e d  
wi th  i o n i z a t i o n  and caused high I- c u r r e n t s .  
cadmium remained as accep tab le  materials. The S ty ron  w a s  t e s t e d  f o r  1000 
hours  and i t  d i d  no t  appear  t o  impair t h r u s t e r  ope ra t ion .  The cadmium 
S ty ron  666 and metallic 
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c o a t i n g  could no t  be s o  t e s t e d  f o r  l ack  of t i m e .  Table VII, "Test 
Resu l t s , "  g ives  the r e s u l t s  of  the  v a r i o u s  t e s t s  performed on the  coa t -  
i n g  materials. 
The accep tab le  p l a s t i c  m a t e r i a l  was c h a r a c t e r i z e d  by the  manufacturer  a s  
po lys ty rene ,  S tyron  666. S tyron  475 conta ined  butad iene  rubber  (4  t o  6%) 
and was no t  a c c e p t a b l e ,  a l though i t  was b a s i c a l l y  polys tyrene .  The 
Styron  666 i s  a gene ra l  purpose po lys ty rene  which can be  used f o r  con- 
t a i n e r s ,  t o y s ,  housewares,  and t h e  l i k e .  It i s  manufactured i n  bu lk  
q u a n t i t i e s .  The manufacturer  s t a t e d  t h a t  t h e r e  was no a v a i l a b l e  d a t a  on 
vapor p r e s s u r e  o r  l i f e  t i m e  i n  a vacuum environment.  There was no appar- 
e n t  degrada t ion  over  a span of a few hours  i n  vacuum i n  the  t es t s ,  however. 
-9 Cadmium has an  evapora t ion  ra te  of less t han  1.0 x 10 gram p e r  second 
per  square  cen t ime te r  a t  a temperature  of 38 C (100 F ) .  S ince  t h e  
i o n i z e r  bu t ton  a r e a  i s  approximately 0.18 square cen t ime te r ,  i t  i s  nec- 
- 10 
essary t o  supply cadmium fo r  an evapora t ion  rate of less- than 2 x 10 
gram p e r  second. The i n i t i a l  d e p o s i t i o n  du r ing  t h i s  c o n t r a c t  w a s  ap-  
proximately 175 x 10 gram, which would t ake  more than 8.7 x 10 
seconds or  10 days t o  evapora t e .  Th i s  could be extended by r e p e a t i n g  
t h e  vapor d e p o s i t i o n  s e v e r a l  times. 
0 0 
-6 +5 
Since  t h e  cadmium l a y e r  depos i ted  was i n s u f f i c i e n t  t o  p r o t e c t  t h e  
i o n i z e r  f o r  a per iod  of  s e v e r a l  hundred days ,  t h e  c o m p a t i b i l i t y  r e s u l t s  
r epor t ed  must be cons idered  p re l imina ry .  
f a i r l y  w e l l  e s t a b l i s h e d  s i n c e  only a few monolayers of an  incompatible  
subs tance  would be r equ i r ed  t o  a f f e c t  i o n i z e r  performance. Compati- 
b i l i t y  w i t h  t h e  a c c e l e r a t i n g  e l e c t r o d e  i s  l e s s  w e l l  e s t a b l i s h e d  s i n c e  
the  d e t a i l s  of t h e  formation of low work func t ion  compounds are not  
well understood.  
I o n i z e r  c o m p a t i b i l i t y  i s  
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TABTZ V I 1  
TEST RESULTS 
P l a s t i c s  
Adiprene LlOO 
B ipheny 1 
Gascamite 151  
Dimethyl01 u r e a  
Ethyl  c e l l u l o s e  
Styron 475 
Styron 666 
rybrene 213 
J i n y l  formal  molding 
3 ompound 
vIetallic cadmium 
App l i ca t ion  
t o  But ton 
Not f e a s  i b  l e  
Evapora tes  
c o l d  i n  
atmosphere 
Not f e as i b  l e  
Not f e  as i b  l e  
X 
X 
X 
X 
Not f e as  i b l e  
X 
Evapora t ion  
From 
Heat ing  
Button 
Leaves s p o t s  
X 
X 
Inconc lu  s i v e  
X 
X denotes  t e s t  completed accep tab ly .  
E f f e c t  on 
T h r u s t e r  
O p e r a t  i o n  
High I- 
X 
High I- 
X 
1000-hour 
T h r u s t e r  
Test Run 
X OK 
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SECTION 4 
CLPC DESIGN MODIFICATION 
The c i r c u i t  i n v e s t i g a t i o n  w a s  l i m i t e d  t o  t h e  most s i g n i f i c a n t  p o t e n t i a l  
problem areas. The s p e c i f i c  goa l  of t h e  i n v e s t i g a t i o n  was t o  develop 
c i r c u i t r y  w i t h  t h e  fo l lowing  o b j e c t i v e s :  
a.  Reduce t h e  s e n s i t i v i t y  of t h e  t h r u s t  level  and d e f l e c t i o n  c i r -  
b.  Ensure t h a t  t h e  t h r u s t  s t a t u s  counter  c i r c u i t  is  i n  t h e  c o r r e c t  
c u i t s  t o  t r a n s i e n t s  on t h e  power and command l eads .  
s t a t e  when t h e  system is turned  on. 
overload c i r c u i t s .  
c .  I n c r e a s e  t h e  s t a b i l i t y  and r e p e a t a b i l i t y  of t h e  h i g h  v o l t a g e  
I n  a d d i t i o n ,  an a n a l y s i s  w a s  t o  be  made of t h e  v a p o r i z e r  c o n t r o l  c i r -  
c u i t r y  as p a r t  of  a n  o v e r a l l  beam c o n t r o l  s t a b i l i t y  i n v e s t i g a t i o n .  
The poor t r a n s i e n t  immunity of t h e  command i n t e r f a c e  c i r c u i t s  w a s  a l s o  
recognized as a problem, but  was considered t o  be r e l a t i v e l y  easy  t o  
c o r r e c t  i n  f u t u r e  f l i g h t  systems. By l i m i t i n g  t h e  p r e s e n t  i n v e s t i g a t i o n  
t o  t h e  problem areas l i s t e d  above, only fou r  modules need b e  c o n s t r u c t e d  
f o r  a system t e s t .  I f  t h e  t h r u s t  l e v e l  a d j u s t  and d e f l e c t i o n  a d j u s t  
command c i r c u i t s  were inc luded ,  an a d d i t i o n a l  t h r e e  modules would have 
t o  be b u i l t .  It was decided t h a t  t h e  e f f o r t  involved was not j u s t i f i e d .  
4 .1  FLIP-FLIP TRANSIENT IMMUNITY 
S ince  t h e  beam d e f l e c t i o n  counters  and t h r u s t  l e v e l  c o n t r o l  counters  
are  i d e n t i c a l ,  t h e  i n v e s t i g a t i o n  was s i m p l i f i e d  somewhat. A breadboard 
of t h e  t h r u s t  l e v e l  se lec t  b i n a r y  counters  was c o n s t r u c t e d  and used t o  
t e s t  proposed m o d i f i c a t i o n s  of t h e  c i r c u i t  f o r  immunity t o  t r a n s i e n t s  
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on t h e  command and +12V l i n e s ,  r e f e r r e d  t o  l o c a l  ground. During t h e s e  
t e s t s ,  the breadboard incorpora ted  a d i g i t a l - t o - a n a l o g  c o n v e r t e r  c i r c u i t  
which rep laced  t h e  o r i g i n a l  r e s i s t i ve  d i v i d e r s  which were t h e  cause  of  
t h e  heavy loading  on t h e  f l i p - f l o p s .  This  new c i r c u i t  i s  referred t o  
h e r e  as t h e  Mk I1 c i r c u i t ,  and i s  shown i n  F ig .  5 .  
Modif ica t ions  t o  t h e  f l i p - f l o p s  which were t r i e d  were t h e  a d d i t i o n  of 
820K r e s i s t o r s  t o  provide  a t r i g g s r  t h r e s h o l d ,  as recommended by Planning 
Research Corpora t ion ,  and t h e  i n c r e a s e  i n  valu-of t h e  330 pF swi tch ing  
c a p a c i t o r s  t o  0.003p,F, t o  d i s c r i m i n a t e  a g a i n s t  narrow t r a n s i e n t s .  The 
v o l t a g e  r e q u i r e d  t o  t r i g g e r  t h e  f l i p - f l o p s  f o r  p o s i t i v e  r e c t a n g u l a r  
p u l s e s  of d i f f e r e n t  p u l s e  widths  on t h e  command l i n e  i s  shown i n  
Table  V I 1 1  f o r  t h e  modtfied and unmodified c i r c u i t s .  
on the command l i n e  of  on ly  0.5V were found t o  cause  t r i g g e r i n g  even 
when they  were very  narrow. A diode network i n  t h e  command l i n e  was 
t r i e d ;  it proved t o  be  very  e f f e c t i v e  and was incorpora ted .  
Negative p u l s e s  
TABLE V I 1 1  
LEVELS REQUIRED TO TRIGGER FLIP-FLOPS FOR POSITIVE 
RECTANGULAR PULSES ON COMMAND LINE 
P u l s e  
Width 
p s e c  
10 
5 
2 
1 
0.5 
0 .2  
0.1 
0.05 
0.02 
0.01 
0.005 
O r i g i n a l  
C i r c u i t  
C = 3  3 OpF 
820K o u t  
Vol t s  
1 . 6  
1.55 
1.55 
1.55 
1.50 
1.60 
2.20 
3.4 
8 . 4  
15 
29  
C =3 3 OpF 
820K i n  
Vol t s  
4 . 8  
4 .8  
4.8 
4 .8  
4 .8  
5 .0  
6 . 3  
9 . 4  
19.5 
33 
C=O. 033pF 
820K o u t  
V o l t s  
0.20 
0 .35  
0.90 
2 . 2 0  
4.05 
10.2 
22.5 
43 
C=O e 033pF 
820K i n  
V o l t s  
4.1 
5 . 9  
11.8 
25 
44  
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F a s t  rise-time t r a n s i e n t s  with exponen t i a l  decay t i m e  c o n s t a n t s  of 8 psec 
and 100 psec  were impressed on the  f12V supply l i n e .  P o s i t i v e  t r a n s i e n t s  
had no e f f e c t  on t h e  s t a t e  of t h e  f l i p - f l o p s  even wi th  ampli tudes of  50V. 
Negative t r a n s i e n t s  would cause the  f l i p - f l o p s  t o  t r a n s f e r  when the  am- 
p l i t u d e  w a s  3.6V o r  more without  the  820K r e s i s t o r s ,  o r  7.5V o r  more with 
t h e  820K r e s i s t o r s .  
c i r c u i t  w a s  s l i g h t l y  less s e n s i t i v e  t o  t h e  narrower ones.  This  tes t  was 
made wi th  t h e  0.033 pF swi tch ing  c a p a c i t o r s ,  and of course  the  normal 
100 ohm, 10 WF f i l t e r  network was d isconnec ted .  
nec t ed ,  no t r a n s i e n t s  of 7.5V a r e  expected.  
These f i g u r e s  are  f o r  t h e  100 psec  t r a n s i e n t s ;  t h e  
With t h i s  network con- 
No tes ts  were made of immunity t o  t r a n s i e n t s  on t h e  output  l i n e ,  bu t  due 
t o  the  inhe ren t  i s o l a t i o n  of t h e  c o l l e c t o r  c i r c u i t  t h e  t r i g g e r  l e v e l  
he re  should  be i n  excess  of 6V p o s i t i v e  (+) and much h igher  nega t ive .  
To improve the  r e l i a b i l i t y  of t h e  turn-on s t e e r i n g  c i r c u i t ,  t he  0 .1  pF 
c a p a c i t o r s  i n  A12 were r ep laced  by one 1.0 pF c a p a c i t o r  (F ig .  5 ) .  I n  
t e s t i n g  t h e  c i r c u i t  t o  ensure  proper  turn-on o p e r a t i o n ,  i t  was noted  
t h a t  under c e r t a i n  cond i t ions  both f l i p - f l o p s  would come on wi th  a l l  
t r a n s i s t o r s  i n  an  "on" s t a t e .  When t h i s  occur red ,  t he  c o l l e c t o r  v o l t a g e  
was 1 . 1 V  and the  base v o l t a g e  was 0.55V. Analys is  showed t h a t  wi th  the  
l i g h t e r  loading  of t he  new D-to-A c i r c u i t ,  the  v o l t a g e  a c r o s s  t h e  69.8K 
base r e s i s t o r s  supp l i ed  enough c u r r e n t  t o  d r i v e  t h e  t r a n s i s t o r s  near  
s a t u r a t i o n .  
This phenomenon occurred  only when the  10 pF f i l t e r  c a p a c i t o r  w a s  con- 
nec ted ,  t h e  100 ohm decoupl ing r e s i s t o r  was bypassed,  and the  supply 
connected suddenly a f t e r  havtng been d isconnec ted  long enough t o  a l low 
t h e  v o l t a g e  on the  10 pF t o  decay t o  no t  less than  250 mV. This would 
seem t o  i n d i c a t e  t h a t  t h e  problem i s  n o t  too  s e r i o u s .  
t he  e x i s t e n c e  of such a mode was d i s t u r b i n g .  
t o  i n c r e a s e  t h e  69.8K r e s i s t o r s  t o  a l a r g e r  v a l u e ,  shunt  t he  base  junc-  
t i o n  wi th  a r e s i s t o r ,  o r  both.  However, t h e  b a s i c  problem appeared t o  
be due t o  t h e  r e l a t i v e l y  poor s a t u r a t i o n  c h a r a c t e r i s t i c s  of t h e  2N910. 
It was decided simply t o  r e p l a c e  them wi th  the  2N2222AY which has  exce l -  
l e n t  s a t u r a t i o n  c h a r a c t e r i s t i c s .  This  s o l u t i o n  proved ve ry  s a t i s f a c t o r y .  
Neve r the l e s s ,  
P o s s i b l e  s o l u t i o n s  were 
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4.2 THRUST LEVEL SELECT D-to-A CONVERTER CIRCUIT 
The o r i g i n a l  c i r c u i t  u ses  res i s t ive  d i v i d e r s  connected between ground 
and a 6.2V zener  diode.  The d isadvantages  of t h i s  c i r c u i t  are cons id-  
e r a b l e  loading  of t h e  f l i p - f l o p s  (about 4 mA worst  case)  caus ing  unre-  
l i a b l e  o p e r a t i o n  of t h e  t u r n  OE s t e e r i n g  c a p a c i t o r  networks,  and t h e  
f a c t  t h a t  t h e  i s o l a t i n g  diodes (CR 11, CR 1 6 ,  CR 1 7 ,  CR 18 i n  A12) are 
d i r e c t l y  i n  s e r i e s  w i t h  t h e  low-vol tage o u t p u t ,  caus ing  cons ide rab le  
tempera ture  v a r i a t i o n  i n  t h e  t h r u s t  r e f e r e n c e  l e v e l .  
The Mk I1 c i r c u i t  (Fig.  5) a l l e v i a t e s  bo th  of t h e s e  problems wi th  no 
o v e r a l l  i n c r e a s e  i n  complexity.  The h e a v i e s t  load  on any t r a n s i s t o r  is 
about 335 pA and t h e  tempera ture  s t a b i l i t y  of t h e  output  i s  f a i r l y  good, 
e s p e c i a l l y  a t  t h e  20 p l b  l e v e l .  Data are shown i n  Table  I X .  B a s i c a l l y  
t h e  c i r c u i t  i s  a p r o g r a m e d  c u r r e n t  sou rce .  Three of t h e  fou r  r e s i s t o r s  
are grounded by t h e  f l i p - f l o p  c o l l e c t o r s  and thus  s u b t r a c t  c u r r e n t  from 
t h e  summing p o i n t .  The s t a t e  of t h e  f l i p - f l o p s  determine which r e s i s t o r  
does no t  conduct and t h e r e f o r e  c o n t r o l s  t h e  ou tpu t  c u r r e n t  and v o l t a g e .  
TABLE IX 
OUTPUT VOLTAGE vs TEMPERATURE FOR D-to-A CONVERTER 
MK I1 MK I11 m 111 
With 4 Comp. Diodes With 5 Comp. Diodes 
STEP -20°C +25OC +80°C -20°C +25OC +8OoC -2ooc +25OC +8OoC 
1 .389 .377 .352 .304 .313 .318 .322 .329 .331 
2 ,645 .637 .614 .614 .628  .637 .651 .659 .663 
3 .888 .885 .865 .906 .923 .933 .961 .969 .971 
4 1.16 1.16 1.15 1.22 1.25 1.26 1.30 1.31 1.31 
- -- -- -- 
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Another D-to-A conver t e r  c i r c u i t  (Fig.  6) w a s  developed i n  an a t t empt  t o  
ach ieve  b e t t e r  tempera ture  s t a b i l i t y .  This  w a s  done, b u t  a t  t h e  p r i c e  
of more components and h ighe r  wors t  c a s e  c o l l e c t o r  loading  (about  0.73 mA) 
i n  t h e  f l i p - f l o p s .  This  c i r c u i t ,  r e f e r r e d  t o  h e r e  as Mk 111, does not  
sum c u r r e n t s  bu t  merely g a t e s  d i f f e r e n t  r e s i s t o r s  i n t o  t h e  c u r r e n t  source  
emitter. The s a t u r a t i o n  v o l t a g e s  of t h e  f l i p - f l o p  t r a n s i s t o r s  have no 
e f f e c t ,  t h e r e f o r e ,  and tempera ture  s t a b i l i t y  i s  v e r y  good. This  is t h e  
c i r c u i t  c o n f i g u r a t i o n  which w a s  f i n a l l y  chosen. 
4 . 3  OVERLOAD AND CONVERTER DRIVE CIRCUIT 
A new h igh  v o l t a g e  over load  c i r c u i t  w a s  breadboarded which senses  1' 
and I- by monitor ing t h e  v o l t a g e s  a c r o s s  r e s i s t o r s  p laced  i n  series wi th  
t h e  e x i s t i n g  1K r e s i s t o r s  used t o  provide  beam c u r r e n t  in format ion .  As 
might b e  expec ted ,  t h e  l a r g e  t r a n s i e n t s  and s t r a y  capac i t ances  p r e s e n t  i n  
t h e  HV r e c t i f i e r  c i r c u i t s  combine t o  produce ve ry  d i r t y  waveforms a c r o s s  
t h e s e  new r e s i s t o r s .  The r e l a t i v e l y  h igh  impedance of  t h e  sens ing  c i r -  
c u i t s  u s e d ,  however, pe rmi t s  easy f i l t e r i n g  of  t h e  s i g n a l ,  and a c c u r a t e  
monitor ing of  t h e  a c t u a l  load c u r r e n t  is achieved.  The + and - 12V sup- 
p l i e s  are used as v o l t a g e  r e f e r e n c e s .  This  a l lows a very r e p e a t a b l e  
over load  t r i p  level. The s i g n a l s  from t h e  over load  senso r s  t r i g g e r  a 
one-shot which t u r n s  t h e  HV conver t e r  o f f  f o r  a f i x e d  p e r i o d ,  nominally 
7 msec. I f  t h e  over load  c o n d i t i o n  i s  s t i l l  p r e s e n t  a t  t h e  end of  t h a t  
t i m e ,  t h e  HV conver t e r  comes on f o r  a t i m e  determined by t h e  s e v e r i t y  of 
t h e  over load .  I n  t h e  case of a complete s h o r t  ( o r  a t y p i c a l  a rc ) ,  t h e  
1lon" 
n o i s e  f i l t e r .  
300 psec .  
t i m e  i s  determined by t h e  t i m e  cons t an t  of  t h e  sens ing  c i r c u i t s '  
The "on" t i m e  i n  t h i s  c a s e  is something l i k e  200 o r  
Tes t ing  of t h e  over load  c i r c u i t  was i n i t i a l l y  plagued by a tendency of 
t h e  Hv conve r t e r  t o  e n t e r  a high-frequency mode. I n  some cases  it would 
4024-Final  42 
Figure  6 .  Digital-To-Analog Converter C i r c u i t  
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main ta in  t h i s  mode, drawing heavy c u r r e n t  from t h e  supp ly ,  u n t i l  t h e  
supply w a s  tu rned  o f f .  This  w a s  due t o  t h e  f a c t  t h a t  t h e  HV ou tpu t  i s  
t o o  l o w  i n  t h i s  mode t o  provide  enough c u r r e n t  f o r  t h e  over load  c i r c u i t  
t o  sense.  
A t  f i r s t ,  t h i s  mode was a s s o c i a t e d  w i t h  t h e  t u r n - o f f  method ( t r a n s i s t o r s  
shunt ing  t h e  base  d r i v e  t o  t h e  conve r t e r  t r a n s i s t o r s )  and a l t e r n a t e  
methods such as e l e c t r o n i c a l l y  d isconnec t ing  t h e  910 ohm " s t a r t i n g "  re- 
s i s t o r  were t r i e d .  The high-frequency mode problem p e r s i s t e d ,  however, 
and it  became obvious t h a t  t h e  tu rn -o f f  method w a s  no t  a t  f a u l t .  
I n  t h e  normal mode, a l l  base  d r i v e  must pas s  through the 910 ohm "start- 
ing"  r e s i s t o r .  The high-frequency mode, however, i s  sometimes maintained 
when t h i s  r e s i s t o r  i s  disconnected.  Dr ive  c u r r e n t  t o  each base  must 
t h e r e f o r e  b e  supp l i ed  by t h e  oppos i t e  base  o r  by components connected 
t o  it. However, d i sconnec t ing  t h e  0.01 pF c a p a c i t o r s  that normally shunt  
t h e  bases  d i d  not  s t o p  t h e  high-frequency mode. 
d r i v e  i n  t h i s  mode, t h e r e f o r e ,  appears  t o  be  s t o r e d  charge  p o s s i b l y  
coupled w i t h  t h e  e f f e c t s  of b a s e - t o - c o l l e c t o r  capac i tance .  
The.,main sou rce  o f  base  
Seve ra l  methods were t r i e d  t o  a l l e v i a t e  t h e  problem. 
w a s  t o  slow down reversal of base  d r i v e  c u r r e n t  by connec t ing  100 pH 
i nduc to r s  i n  series w i t h  e x i s t i n g  68.1 ohm r e s i s t o r s .  This  e f f e c t i v e l y  
e l imina ted  t h e  high-frequency mode. However, s i n c e  it delayed t h e  t u r n -  
o f f  of each conve r t e r  t r a n s i s t o r  as w e l l  as t h e  tu rn -on ,  t h e  conve r t e r  
t ransformer  w a s  d r i v e n  f u r t h e r  i n t o  its s a t u r a t i o n  r e g i o n  each h a l f -  
c y c l e ,  and swi tch ing  losses i nc reased  t o  an i n t o l e r a b l e  ex ten t .  
The most promising 
This  w a s  avoided by t h e  a d d i t i o n  of d i o d e s ,  as shown i n  Fig.  7.  With 
t h e  d iodes  connected,  t h e  turn-on of  each conve r t e r  t r a n s i s t o r  i s  delayed 
by t h e  i n d u c t o r ,  b u t  t h e  tu rn -o f f  i s  ve ry  f a s t .  Switching l o s s e s  are 
improved even over  t h e  o r i g i n a l  c o n f i g u r a t i o n  (by more than  one w a t t  on 
t h e  breadboard)  and t h e  high-frequency mode is prevented .  
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4.4 CONSTRUCTION AND TESTING OF BREADBOARDED MODULES 
I n  o rde r  t o  f a c i l i t a t e  temperature  measurements and t o  ensure compati- 
b i l i t y  wi th  t h e  CLPC, i t  w a s  decided t o  b u i l d  p lug - in  breadboards with 
s i z e  and layout  similar t o  t h e  f i n a l  encapsula ted  modules. 
f l i p - f l o p s  i n  t h e  A 1 2  module was considered t o  be an  adequate  s u b s t i t u t e  
f o r  t e s t i n g  t h e  d e f l e c t i o n  coun te r s  i n  t h e  A6 and A7 modules. 
breadboards of only the  new A12 and A13 modules were cons t ruc t ed .  A s  f a r  
as p o s s i b l e  components i d e n t i c a l  i n  type t o  those  i n  t h e  o r i g i n a l  mod- 
u l e s  were s p e c i f i e d .  Some components of the proper  types were a l r e a d y  
a v a i l a b l e  from ATS pro to type  stores and these  were used where p o s s i b l e .  
Tes t ing  t h e  
Therefore ,  
I n  a d d i t i o n  t o  t h e s e  f l i g h t - t y p e  (but unscreened) components f o r  t h e  
welded modules, some components of d i f f e r e n t  types  were used i n  t h e  con4 
s t r u c t i o n  of t h e  p lug- in  breadboards of t he  A12 and A 1 3  modules. These 
c o n s i s t e d  mainly of carbon composition r e s i s t o r s  and RN6O-type metal 
f i l m  r e s i s t o r s .  
ance d i d  no t  depend on a p r e c i s e  va lue .  
t o l e r a n c e  and temperature  c o e f f i c i e n t  e s s e n t i a l l y  t h e  same as t h e  
Arigstrohm f l i g h t  r e s i s t o r s ,  were used i n  c r i t i c a l  p o i n t s  i n  t h e  c i r -  
c u i t s  such as t h e  t h r u s t  l e v e l  r e f e r e n c e  d- to-a  conve r t e r .  
The carbon r e s i s t o r s  were used where c i r c u i t  perform- 
The RN60 types ,  which have a 
The c o n s t r u c t i o n  of t h e  plug-in breadboards of A12X and A13X was com- 
p l e t e d  and t e s t i n g  was begun us ing  CLPC S/N 04. 
i s  used t o  d i s t i n g u i s h  between o r i g i n a l  and modif ied module des igns . )  
Severa l  problems remained t o  be overcome be fo re  meaningful environmental  
t e s t s  could be run.  
recovery time of about  2 .2  msec. This  was no t  a c c e p t a b l e  s i n c e  i t  r e p t e -  
s e n t s  t h e  "on" t i m e  of t h e  h igh  v o l t a g e  conve r t e r  dur ing  heavy over loads .  
The excess ive  time was l a r g e l y  due t o  a 10K r e s i s t o r  connected between 
C16 and CR18 t o  e l i m i n a t e  t r i g g e r i n g  of t h e  one-shot due t o  t r a n s i e n t s  
(The X des igna t ion  
The overload one-shot c i r c u i t  i n  A13X disp layed  a 
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from t h e  -24V supply.  
t h e  t r a n s i e n t  problem, inc lud ing  an emitter fo l lower  from R9, b u t  t h e  
b e s t  s o l u t i o n  appeared t o  be t o  apply a f i l t e r i n g  network d i r e c t l y  t o  
t h e  source  of t h e  problem, as shown i n  F ig .  8. 
Seve ra l  a l t e r n a t e  methods were t r i e d  t o  e l i m i n a t e  
During t e s t i n g  of t h e  A13X over load  c i r c u i t ,  it w a s  d i scovered  t h a t  R 1 1 ,  
t h e  50K r e s i s t o r  i n  t h e  V+ supply l e a d  had f a i l e d .  When V+ w a s  s h o r t e d  
t o  ground, t h e  3 kV charge  on t h e  c a p a c i t o r s  i n  t h e  v o l t a g e  doubler  was 
app l i ed  d i r e c t l y  t o  t h e  1' sens ing  r e s i s t o r .  
In t h e  o l d  c u r r e n t  s e n s i n g  system, t h e  10 pF f i l t e r  c a p a c i t o r  a c r o s s  this 
r e s i s t o r  would probably absorb t h e  charge  wi thout  damaging anyth ing .  The 
new system, however, has  no corresponding c a p a c i t o r  and t h e  3 kV appeared 
ac ross  t h e  sens ing  r e s i s t o r  and arced  t o  an  a d j a c e n t  p i n  which happened 
t o  be  A14-19. 
f a i l e d .  
A s  a r e s u l t ,  t h e  v a p o r i z e r  c o n t r o l  c i r c u i t r y  i n  t h e  module 
When t h e  cause  of t h e  problem w a s  d i scovered  t o  b e  t h e  50K resistor, it 
was removed and r ep laced  w i t h  two 1/2 w a t t  carbon 2 4 K r e s i s t o r s .  A f t e r  
t h i s ,  when t h e  V+ supply  w a s  sub jec t ed  t o  a complete shor t - to-ground,  
t h e  c o n v e r t e r  would e n t e r  a h igh -cu r ren t  mode, drawing about  2 A ,  and 
would n o t  c y c l e .  
a r e s i s t o r  of about  lOOk o r  g r e a t e r .  
It would c y c l e  normal ly ,  however, i f  t h e  over load  was 
A f t e r  cons ide rab le  i n v e s t i g a t i o n ,  it was concluded t h a t  t h e r e  e x i s t e d  a 
range of va lues  of r e s i s t a n c e  which, when connected as an  over load ,  were 
low enough t o  reduce t h e  loop g a i n  of t h e  conve r t e r  t o  near  u n i t y  a t  a 
low l e v e l  of o s c i l l a t i o n  and h igh  enough t o  l i m i t  c u r r e n t  from t h i s  
f e e b l e  o s c i l l a t i o n  t o  a va lue  below t h e  overload t r i p  p o i n t .  This  range 
appa ren t ly  included 50K. The conve r t e r  t r a n s i s t o r s ,  i n  t h e  meantime, 
were turned  on very hard by the  dc i n  t h e  910h2b ias / s t a r t i ng  r e s i s t o r .  
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The same c i r c u i t  had n o t  produced t h e  same phenomenon wi th  t h e  t ransformer  
on the  o l d  system breadboard.  Apparent ly ,  t h e  poor d i s t r i b u t e d  capac i -  
t ance  c h a r a c t e r i s t i c  of t h e  HV conve r t e r  t ransformer  i n  CLPC S/N 04 was 
t h e  cause .  
With t h i s  conclus ion ,  it w a s  dec ided  n o t  t o  spend f u r t h e r  t i m e  t r y i n g  t o  
compensate f o r  problems s p e c i f i c  t o  a p a r t i c u l a r  u n i t ,  b u t  t o  p r e s s  on 
toward a gene ra l  s o l u t i o n .  
t h e  HV conver t e r  are due t o  i t s  s e l f - e x c i t e d  mode of  o p e r a t i o n ,  it is 
g e n e r a l l y  agreed t h a t  f u t u r e  u n i t s  w i l l  employ a d r i v e n  conve r t e r  t o  
a l low more c o n t r o l  over  i t s  ope ra t ion .  
S ince  many i f  no t  most of t h e  problems w i t h  
It: w a s  p o s s i b l e  t o  change t h e  HV conver t e r  from t h e  s e l f - e x c i t e d  t o  t h e  
d r iven  mode because i t s  normal frequency i s  about  9 kHz and that of the 
i o n i z e r  conve r t e r  i s  about  13 kHz. There fo re ,  i f  t h e  HV conver t e r  were 
d r iven  w i t h  energy from t h e  i o n i z e r  conve r t e r  t h e r e  would b e  no danger 
of c o r e  s a t u r a t i o n .  A s m a l l  t ransformer  w a s  designed and wound, and i t s  
primary w a s  connected between t h e  c o l l e c t o r s  of t h e  i o n i z e r  conve r t e r .  
This  c o n f i g u r a t i o n  ope ra t ed  as expec ted ,  e l i m i n a t i n g  a l l  i n s t a b i l i t y  
problems i n  t h e  HV c o n v e r t e r  and over load  c i r c u i t .  It was dec ided  t o  
r e t a i n  this  c i r c u i t  f o r  rereaining tests and f o r  u s e  w i t h  t h e  f i n a l  encap- 
s u l a t e d  modules, t h e  on ly  d i f f e r e n c e  be ing  t h a t  t h e  d r i v e  t ransformer  
would b e  mounted under the module mother board i n  t h e  f i n a l  system r a t h e r  
t han  be ing  i n s i d e  t h e  module. The only  drawback t o  t h i s  c i r c u i t  was i ts  
h ighe r  c u r r e n t  d r a i n .  
reduce c o l l e c t o r  c u r r e n t  over lap  had no a p p r e c i a b l e  e f f e c t .  S i m i l a r  
d r i v e n  c o n v e r t e r s  have been b u i l t  b e f o r e  and ope ra t ed  wi th  good e f f i c i e n -  
c y ,  so  t h e  problem h e r e  i s  suspec ted ,  a g a i n ,  t o  b e  due t o  t h i s  p a r t i c u l a r  
conve r t e r  t ransformer .  
Networks p rev ious ly  used i n  t h e  base  c i r c u i t s  t o  
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The A12X breadboard ope ra t ed  as expected except  t h a t  t h e  t h r u s t  r e f e r e n c e  
level could  not  be  made h igh  enough t o  o b t a i n  a real is t ic  20 p l b  beam 
c u r r e n t .  
removed e n t i r e l y  t h e  t h r u s t  r e f e r e n c e  l e v e l  w a s  n o t  h igh  enough. 
y i e lded  about  860 pA maximum beam c u r r e n t  i n s t e a d  of t h e  d e s i r e d  970 +A. 
S ince  t h e  c i r c u i t  could  b e  modified t o  provide  t h i s  much a d d i t i o n a l  cur -  
r e n t  w i t h  no problems, it w a s  decided t o  proceed w i t h  t e s t i n g  us ing  t h e  
860 pA level.  (Af te r  t h e  t es t s ,  it w a s  d i scovered  t h a t  a 1 0 K  r e s i s t o r ,  
p rev ious ly  connected t o  reduce t h e  t h r u s t  from 20 p l b  t o  16 plb, was 
s t i l l  connected on t h e  mother board.)  
Even when R30, which shunts  t h e  r e f e r e n c e  v o l t a g e  o u t p u t ,  was 
This  
A f u n c t i o n a l  t e s t  of t h e  A12X and A13X breadboard modules w a s  run  us ing  
CLPC S/N 04 and the  p ro to type  ion  engine s imula to r .  The u n i t  was t e s t e d  
on t h e  bench and allowed t o  run f o r  about  f i v e  hour s .  A l l  CLPC func- 
t i o n s  were exe rc i sed  and worked w e l l .  Cons iderable  spark ing ,  i n  a l l  
modes, produced no change i n  t h r u s t  l e v e l .  T r a n s i e n t s  on t h e  TM l i n e s  
due t o  conve r t e r  swi t ch ing  were measured a t  t h e  CLPC end of t h e  TM 
cab le ,  w i t h  f u l l  X and Y d e f l e c t i o n  and f u l l  t h r u s t ,  and t h e  h i g h e s t  
l e v e l s  found were +2.0,  -2.2V on channel  14 (without  e x t e r n a l  f i l t e r i n g ) .  
The same system was sub jec t ed  t o  a complete temperature  t e s t ,  w i th  the  
ambient he ld  a t  about  25OC, 7OoC and O°C. 
t o  s t a b i l i z e  f o r  about  one hour ,  and t h e  system was run  a t  each tempera- 
t u r e  f o r  about  45 minutes .  
boards opera ted  as expected.  The beam c u r r e n t  r e g u l a t i o n  was q u i t e  ac- 
c e p t a b l e ,  vary ing  from 3.20V (TM) a t  O°C ambient t o  3.24V a t  7OoC 
ambient.  The t h r u s t  l e v e l  s e l e c t  c i r c u i t  came on a t  5 v l b  every  t i m e  
and was exe rc i sed  f r e q u e n t l y .  
Each temperature  was allowed 
No problems were encountered;  t h e  bread-  
On the  b a s i s  o f  t hese  t e s t s ,  t h e  schematics  f o r  t h e  modules were 
f i n a l i z e d .  
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4.5 WELDED MODULE FABRICATION AND FINAL TESTING 
While complete e l ec t r i ca l  and thermal  s c reen ing  of  components was no t  
cons idered  a p p r o p r i a t e  f o r  f a b r i c a t i o n  of t h e s e  n o n f l i g h t  modules, i t  
was agreed  t h a t  each component would be  g iven  a s imple  e l e c t r i c a l  t e s t .  
A l l  r e s i s t o r s  and c a p a c i t o r s  were t h e r e f o r e  measured on a n  impedance 
b r idge  and t h e  few whose va lues  appeared margina l  were r ep laced .  The 
t r a n s i s t o r s  were s i m i l a r l y  t e s t e d  on a curve  t racer .  ~ 
The modules (A6X, A7X, A 1 2 X ,  A13X) were f a b r i c a t e d  by WEMS, Inc .  u s i n g  
t h e  procedures  employed du r ing  t h e  f a b r i c a t i o n  of  ATS f l i g h t  hardware.  
Appropr ia te  mod i f i ca t ions  were made t o  t h e  tes t  f i x t u r e s  and t e s t i n g  
was conducted us ing  s i m i l a r l y  modif ied procedures .  
A f t e r  most of  t h e  i o n i z e r  contaminat ion i n v e s t i g a t i o n s  had been com- 
p l e t e d ,  t h e  mod i f i ca t ions  t o  CLPC SIN 04 were removed and t h e  d r i v e r  
t ransformer  f o r  t h e  h igh  vo l t age  conve r t e r  was i n s t a l l e d .  Rather  t han  
a t t empt ing  t o  remove t h e  I and 1- c u r r e n t  t r ans fo rmers ,  which are  n o t  
needed w i t h  t h e  new overload sens ing  c i r c u i t ,  t h e i r  s econda r i e s  were 
shor t ed  a t  A13. A l l  o t h e r  changes necessary  t o  make t h e  CLPC compatible  
w i t h  t h e  new modules had been accomplished ear l ie r  i n  o rde r  t o  t e s t  t h e  
breadboard modules. 
+ 
A l l  f ou r  new modules were i n s t a l l e d  i n  CLPC SIN 04 wi th  the  p ro to type  
a i r l v a c  s imula to r  a g a i n  used as a load .  The s y s t e m  opera ted  as expected 
wi th  t h r e e  excep t ions :  
+ a .  V t o  ground a r c s  caused changes i n  t h r u s t  l e v e l  s t a t u s .  
b .  
+ 
The "off" du ty  cyc le  du r ing  V 
85% i n s t e a d  of t h e  nominal 90%. 
o r  V- over load i s  about  80 t o  
c .  During normal nonoverload o p e r a t i o n ,  w i t h  o r  wi thout  t h r u s t ,  
t h e  overload c i r c u i t  t r i g g e r s  i n  an  e r r a t i c  manner w i t h  no 
apparent  cause .  
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Of t h e s e  problems, t h e  t h i r d  was cons idered  the  most s e r i o u s ,  and 
c o n s i d e r a b l e  e f f o r t  went i n t o  seeking  i t s  s o l u t i o n .  The -24V and *12V 
l i n e s  i n t o  t h e  module were bypassed wi th  a d d i t i o n a l  c a p a c i t o r s .  The 
inpu t  and output  s i g n a l  leads  were s i m i l a r l y  bypassed. The module was 
heated and cooled over a l a r g e  temperature  range ,  and then  sh ie lded  
completely i n  copper f o i l  connected t o  l o c a l  ground. These and o t h e r  
measures had no e f f e c t  on t h e  e r r a t i c  t r i g g e r i n g .  S u b s t i t u t i n g  t h e  
breadboard A13X e l imina ted  t h e  t r i g g e r i n g .  
F i n a l l y ,  t h e  encapsula ted  A13X module w a s  removed from t h e  C P C  and con- 
nec ted  by i t s e l f  t o  t h e  r e q u i r e d  v o l t a g e s ;  i t s  ou tpu t  was monitored w i t h  
an  o s c i l l o s c o p e .  The e r r a t i c  t r i g g e r i n g  w a s  s t i l l  p r e s e n t .  Large changes 
i n  supply v o l t a g e  had no e f f e c t  and t h e  module d i d  not  respond t o  thumping 
o r  rapping.  The problem i s  concluded t o  be due t o  a f a u l t y  component. 
Analys is  of  t h e  c i r c u i t  c o n f i g u r a t i o n  and of  t h e  test  r e s u l t s  sugges t s  
t h a t  t h e  most l i k e l y  c u l p r i t  i s  C 1 7 ,  t h e  1 pF t an ta lum c a p a c i t o r  used 
as a f i l t e r  i n  t h e  one-shot  c i r c u i t .  I f  t h i s  c a p a c i t o r  were leaky  as 
w e l l  as e r r a t i c ,  i t  would a l s o  cause  t h e  low duty  c y c l e  problem. Com- 
p a r i s o n  of  t h e  "on" and "off"  t i m e s  produced by t h e  breadboard module 
and by t h e  encapsula ted  module show t h a t  t h e  dec rease  i n  duty  c y c l e  i s  
due t o  a r e d u c t i o n  i n  "off"  t i m e ,  w i t h  t h e  "on" t i m e  remaining f a i r l y  
cons t an t .  This  is  p r e c i s e l y  t h e  e f f e c t  t h a t  would be  produced by leak-  
age i n  C17.  
I n v e s t i g a t i o n  of t h e  t h r u s t  l e v e l  s t a t u s  changes showed t h a t  t r a n s i e n t s  
from t h e  V t o  ground arc  were caus ing  the  command i n t e r f a c e  c i r c u i t  
t o  produce command-like s i g n a l s .  The f a u l t  was not  i n  t h e  new A12X 
module. A s  s t a t e d  a t  t h e  beginning of S e c t i o n  4 ,  t h e  poor t r a n s i e n t  
immunity of t he  command i n t e r f a c e  c i r c u i t s  has  been recognized f o r  some 
t ime;  b u t  i t  w a s  d e l i b e r a t e l y  excluded from t h e  scope of t h i s  i n v e s t i -  
g a t i o n .  S ince  the  problem can be cured i n  s t r a i g h t f o r w a r d  f a sh ion  i n  
f u t u r e  systems,  no f u r t h e r  a t t e n t i o n  was given t o  i t .  
+ 
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None of t h e s e  problems was s e r i o u s  enough t o  prevent  complete temperature  
tes ts  and t h e s e  were run  wi thout  f u r t h e r  t r o u b l e .  Due t o  t h e  d e s i r e  
t o  use  CLPC S/N 04 i n  t h e  remaining i o n i z e r  contaminat ion t es t s ,  and 
t o  the  ve ry  l imi t ed  t i m e  remaining i n  t h e  program, no a t tempt  was made 
t o  cu re  t h e  A13X problem. For the  i o n i z e r  tes ts ,  t h e  breadboard module 
was s u b s t i t u t e d  f o r  t h e  e r r a t i c  encapsula ted  module, and t h e  CLPC op- 
e r a t e d  w e l l  w i th  an  a c t u a l  i o n  engine i n s t e a d  of  t h e  s imula to r .  
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SECTION 5 
BEAM CONTROL LOOP TRANSIENT RESPONSE 
5.1 INTRODUCTION 
On s e v e r a l  occas ions ,  p a r t i c u l a r l y  dur ing  the  f i r s t  p a r t  of a micro- 
t h r u s t e r  system t e s t ,  t he  response of t he  beam c o n t r o l  feedback loop 
has  been l i g h t l y  damped o r  o s c i l l a t o r y  (undamped). The p o r t i o n  of t h e  
program repor t ed  h e r e  was concerned w i t h  an i n v e s t i g a t i o n  of t r a n s i e n t  
response prompted by t h e  occas iona l  pe r iods  of i n s t a b i l i t y  j u s t  men- 
t ioned .  The approach taken was t o  determine g a i n  and phase ve r sus  f r e -  
quency c h a r a c t e r i s t i c s  s e p a r a t e l y  f o r  the  t h r u s t e r  subsystem and t h e  
power cond i t ion ing  and c o n t r o l  c i r c u i t r y .  With t h i s  in format ion ,  an 
eva lua t ion  of t h e  s t a b i l i t y  of c losed  loop ope ra t ion  can be made. 
5 . 2  CONTROL CIRCUITRY RESPONSE 
The a n a l y s i s  of t he  vapor i ze r  c o n t r o l  loop involves  t h e  gain-phase- 
frequency c h a r a c t e r i s t i c s  of t h e  c i r c u i t r y  which measures t h e  beam cur-  
r e n t  and a d j u s t s  t h e  vapor i ze r  h e a t e r  c u r r e n t .  The dynamic g a i n  of t h e  
c o n t r o l  c i r c u i t r y  can be expressed a s  AI 
A cursory  examination of t h e  c o n t r o l  c i r c u i t  r e s u l t e d  i n  t h e  assumption 
t h a t  t h e  only  s i g n i f i c a n t  time cons t an t  w a s  t h a t  produced by R2 i n  A14 
and by C13 and R37  which a r e  mounted on the  CLPC c h a s s i s .  
produced a high-frequency r o l l  o f f  c h a r a c t e r i s t i c  which extended i n -  
d e f i n i t e l y ,  a l lowing the  phase s h i f t  t o  approach 90'. 
This  network 
A more thorough a n a l y s i s  , however , revea led  t h a t  t h e  noninver t ing  type 
of i n t e g r a t i n g  c i r c u i t ,  which i s  used h e r e ,  a t t e n u a t e s  high f requencies  
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only  down t o  u n i t y  g a i n .  Higher f r equenc ie s  a r e  no t  a t t e n u a t e d  f u r t h e r  
and ,  as a consequence, the  phase s h i f t  reaches  a peak and then dec reases  
a g a i n ,  approaching z e r o  a t  very  h igh  f r equenc ie s .  The c a l c u l a t e d  g a i n  
and phase s h i f t  a r e  shown i n  Fig.  9 .  
To s i m p l i f y  the  measurements, t he  t r a n s f e r  c h a r a c t e r i s t i c  of t he  vapor i ze r  
s a t u r a b l e  r e a c t o r  (magamp) was t r e a t e d  s e p a r a t e l y .  The a m p l i f i e r  c i r c u i t r y  
i n  A 1 4  (Ql, ARl, AR2, AR3) was then breadboarded so t h a t  t he  measurements 
would n o t  depend on t h e  a v a i l a b i l i t y  of a complete CLPC, and a l s o  so  t h a t  
a l l  p o i n t s  i n  t h e  c i r c u i t  would be a c c e s s i b l e .  
The magamp c h a r a c t e r i s t i c s  were measured using t h e  complete CLPC, so 
t h a t  t h e  d r i v e  power (from t h e  h igh  v o l t a g e  conve r t e r )  would be r e a l i s t i c .  
A 3.10 ohm r e s i s t i v e  load was used wi th  a true-rms meter monitor ing t h e  
output  c u r r e n t .  The b i a s  v o l t a g e  was then v a r i e d  t o  provide d a t a  on t h e  
magamp t r a n s f e r  c h a r a c t e r i s t i c .  These d a t a  a r e  p l o t t e d  on Fig .  10. 
The s l o p e  of t h i s  curve a t  900 mA y i e l d s  a dynamic t r a n s f e r  impedance of 
3.12xZ, which i s  taken a s  t y p i c a l  of r e a l  ope ra t ing  cond i t ions .  
Since t h e  magamp o p e r a t e s  a t  a frequency of about  10 kHz, i t s  phase s l d f t  
a t  t h e  f r equenc ie s  of concern h e r e  (1 Hz maximum) i s  i n s i g n i f i c a n t .  The 
phase s h i f t  measurements were t h e r e f o r e  confined t o  the a m p l i f i e r  c i r -  
c u i t r y ,  and the  output  measurements were made a t  t h e  po in t  which normally 
d r i v e s  t h e  magamp. This ou tput  p o i n t  and the  inpu t  s i g n a l  were both 
connected t o  a va r i ab le - speed  c h a r t  r eco rde r .  The input  s i g n a l  w a s  pro- 
vided by a Hewlett-Packard model 202A low-frequency func t ion  g e n e r a t o r ,  
which allowed measurements a t  f requencies  as low as 0.006 Hz. 
A second s e t  of g a i n  d a t a  was provided by monitor ing the  inpu t  and out-  
pu t  w i th  an o s c i l l o s c o p e  (and wi th  a d i g i t a l  vo l tmeter  a t  t he  lower f r e -  
quencies ) .  
The g a i n  and phase s h i f t  d a t a  from the  c h a r t  r eco rde r  a r e  shown i n  Fig.  9. 
These d a t a  matched t h e  c h a r t  r e c o r d e r  d a t a  very  c l o s e l y .  
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Figure  9. Vapor izer  C o n t r o l  C i r c u i t  Gain and Phase ve r sus  Frequency 
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5.3 FEED SYSTEM RESPONSE 
The response of t h e  m i c r o t h r u s t e r  feed  system w a s  s i m i l a r l y  determined 
t o  provide d a t a  f o r  c o n t r o l  loop a n a l y s i s .  To be c o n s i s t e n t  w i th  t h e  
c o n t r o l  c i r c u i t r y  measurements, the  t r a n s f e r  f u n c t i o n  was taken t o  be 
the  r a t i o  of beam c u r r e n t  change t o  vapor i ze r  c u r r e n t  change, o r  
A I,/A Ivap 
To a c q u i r e  t h e  d a t a ,  t h e  vapor i ze r  h e a t e r  c u r r e n t  was modulated between 
approximately 0.75A and 1.25A. The frequency of modulation w a s  v a r i e d  
between 0.4 Hz and 0.005 Hz. The modulation produced peak-to-peak i o n  
beam c u r r e n t  v a r i a t i o n s  between 200 pA and 4 PA. The r e l a t i v e l y  l a r g e  
change i n  vapor i ze r  c u r r e n t ,  A I  , was necessary  t o  a l low accuracy a t  
t h e  h ighe r  f requencies  measured. Some d a t a  were taken  a t  AI = 0.2A 
and O.OlA, bu t  r e s u l t i n g  changes i n  i o n  beam c u r r e n t  AI were t o o  small 
t o  be measured a c c u r a t e l y .  
800 pA t o  avoid t h r u s t e r  performance problems such as "roll-over" dur ing  
measurements. 
VaP 
VaP 
B 
Mean i o n  beam c u r r e n t  w a s  maintained below 
Two d i f f e r e n t  t h r u s t e r s  were t e s t e d ,  p rovid ing  informat ion  on t h e  v a r i -  
a t i o n  from u n i t  t o  u n i t .  
s h i f t  and g a i n  as a f u n c t i o n  of f requency are p l o t t e d  i n  Fig. 11. 
g a i n  f a l l s  o f f  very  r a p i d l y  above 0.2 Hz; below 0.01 Hz i t  is approaching 
t h e  s t eady  s t a t e  va lue  of approximately 1000 pA ion beam per  ampere of 
vapor i ze r  h e a t e r  c u r r e n t .  The d i f f e r e n c e  between t h e  upper and lower 
phase s h i f t  curves  i s  approximately 45 ; t h e  corresponding d i f f e r e n c e  
i n  ga in  i s  150 x a t  0.01 Hz. 
Approximate upper and lower bounds f o r  phase 
The 
0 
The feed system response d a t a  were c o l l e c t e d  i n  t h e  fol lowing manner. 
A t h r u s t e r  was assembled wi th  a new feed  system. A f t e r  wick w e t t i n g ,  
t h e  t h r u s t e r  was opera ted  f o r  approximately 100 hours  during c r i t i c a l  
temperature  measurements f o r  t h e  i o n i z e r  contaminat ion p o r t i o n  of t h e  
4024-Final 58 
10-3 
10-4 
10-6 
1 o - ~  10” 
FREQUENCY ( Hz) 
Figure  11. Vaporizer  Gain and Phase v e r s u s  Frequency 
180 
170 
160 
150 
140 
130 
120 
110 
100 
96 
80 
70 
60 
50 
40 
30 
20 
10 
- 
t- 
u, 
v) 
- 
I 
uf 
v) 
Q 
I 
Q 
4024-Final 59 
program. 
w a s  opera ted  another  50 hour s ,  and d a t a  were a g a i n  taken.  
was turned  of f  f o r  25 hours  but  remained under vacuum. The t h r u s t e r  
w a s  s t a r t e d  and opera ted  f o r  25 hours  and d a t a  were aga in  taken.  
d a t a  are shown i n  F igs .  12 and 13. 
A t  t h e  t i m e  f eed  system d a t a  were c o l l e c t e d .  The t h r u s t e r  
The t h r u s t e r  
These 
The second s e t  of d a t a  w a s  c o l l e c t e d  wi th  another  t h r u s t e r .  Measurements 
were made immediately a f t e r  wick w e t t i n g ,  and a g a i n  a f t e r  50 hours  of 
ope ra t ion  f o r  i o n i z e r  s t u d i e s .  R e s u l t s  a r e  shown i n  F igs .  14 and 15. 
The d a t a  i n d i c a t e  a r educ t ion  i n  phase s h i f t  w i th  t i m e ,  and a l s o  a re- 
duc t ion  i n  g a i n  wi th  time. The la t te r  e f f e c t  i s  less c l e a r  however. 
Both t r e n d s  were toward more s t a b l e  ope ra t ion  which is c o n s i s t e n t  w i th  
observed behavior .  
The feed  system response  d a t a  had t h e  fol lowing two unexpected f e a t u r e s :  
(a) a l a r g e  v a r i a t i o n  between s e t s  of d a t a ,  and (b) l a r g e  phase shfftrc 
were observed. Earlier work sugges ted  t h a t  t h e  feed  system response might 
be t h a t  corresponding t o  a s i n g l e  i n t e g r a t i n g  t i m e  cons t an t  in which the  
thermal mass of t h e  v a l v e - r e s e r v o i r  assembly corresponded t o  t h e  capac i ty  
of an RC network whi le  t h e  conduct ive l o s s e s  t o  t h e  r e s e r v o i r  corresponded 
t o  t h e  r e s i s t a n c e .  Under these  c i rcumstances ,  t h e  maximum phase s h i f t  
observed would be 90 degrees .  
were observed,  a more complex model w a s  c l e a r l y  r equ i r ed .  
S ince  phase s h i f t s  exceeding 200 degrees  
F i r s t ,  an a t tempt  was made t o  f i t  t y p i c a l  d a t a  empi r i ca l ly .  The t r a n -  
s i e n t  response of t h e  system and t h e  l i n e a r  phase s h i f t  c h a r a c t e r i s t i c  
over a wide frequency range suggested t h a t  t he  response  be r ep resen ted  
by an  i n t e g r a t i n g  t i m e  cons t an t  p lus  a de lay .  The de lay  c o n t r i b u t e s  a 
phase s h i f t  l i n e a r  w i th  frequency bu t  c o n t r i b u t e s  nothing t o  t h e  ampli-  
tude response.  The i n t e g r a t i n g  time cons t an t  c o n t r i b u t e s  a phase s h i f t  
which approaches 90 degrees  a sympto t i ca l ly  and t h e  f a m i l i a r  6 db per  
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octave  r o l l  o f f  above t h e  c h a r a c t e r i s t i c  frequency. 
based on a 40-second time cons tan t  and a 1.6-second de lay  a r e  shown i n  
P i g s .  14 and 15. 
good. Although u s e f u l  i n  terms of d a t a  a n a l y s i s ,  t h i s  i n t e r p r e t a t i o n  
l acks  a phys ica l  b a s i s  because t h e r e  i s  no obvious way t o  r e a l i z e  a 
pure de l ay  i n  a system of t h i s  type.  
b s p o n s e  curves  
While n o t  e x a c t ,  t he  r e p r e s e n t a t i o n  i s  r e a s w a b f y  
I n  an  a t t empt  t o  provide a b e t t e r  phys i ca l  r e p r e s e n t a t i o n ,  i t  was decided 
t o  i n v e s t i g a t e  the  response  of a d i s t r i b u t e d  system by so lv ing  t h e  p a r t i a l  
d i f f e r e n t i a l  equat ion  f o r  h e a t  conduct ion i n  one dimension. 
equat ion  is the f a m i l i a r  d i f f u s i o n  equat ion:  
The basic 
2 2  av A V U - x  = 0 
By s e p a r a t i n g  v a r i a b l e s  and 
dimensional  s o l u t i o n  of t he  
choosing a s o l u t i o n  pe r iod  i n  time, a one 
fo l lowing  form may be found: 
3y apply ing  the  boundary c o n d i t i o n  that s i n u s o i d a l l y  vary ing ,  c o n s t a n t  
amplitude power is a p p l i e d  at x = 0 ,  the amplitude and phase responses  
may be expressed  as 
Amplitude - const* exp [- 6 x ] 
f i  
Ex Phase (rad.)  = 
This model i s  l e s s  s u c c e s s f u l  i n  f i t t i n g  the  experimental  d a t a .  It does 
no t  account  f o r  t he  l a r g e  phase s h i f t  a t  f r equenc ie s  below 0.05 Hz o r  
t h e  more o r  less l i n e a r  phase s h i f t  above 0.05 Hz. 
has  the proper  q u a l i t a t i v e  behavior ,  bu t  i t  does n o t  f i t  the  d a t a  as w e l l  
as the  s i n g l e  time cons t an t  c a l c u l a t i o n .  
The a m p l i t u h  respana~ 
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The measured g a i n  and phase s h i f t  c h a r a c t e r i s t i c s  of the  c o n t r o l  e l e c -  
t r o n i c s  were combined wi th  the  corresponding c h a r a c t e r  i s  t i c s  of t h e  
t h r u s t e r ;  t h e  r e s u l t  i s  shown i n  F ig .  16. The t h r u s t e r  da t a  were i n  
the  form of boundar ies ,  so  t h e  combined d a t a  a l s o  r e p r e s e n t s  minima and 
maxima r a t h e r  than s p e c i f i c  examples. 
These curves  r e p r e s e n t  t h e  open-loop c h a r a c t e r i s t i c s  of t he  complete 
c o n t r o l  loop. They i n d i c a t e  t h a t ,  i n  most cases, t h e  h o p  i s  s t a b l e  
and w i l l  n o t  o s c i l l a t e ;  bu t  i t  w i l l  e x h i b i t  r i n g i n g  when e x c i t e d  by a 
t r a n s i e n t  o r  a command t o  a new t h r u s t  l e v e l .  This r ing ing  w i l l  have 
a per iod  between roughly 20 sec  and 100 sec .  The curves  a l s o  i n d i c a t e ,  
however, t h a t  wors t -case  systems w i l l  o s c i l l a t e  w i t h  a per iod  somewhere 
i n  the  same range. 
system tes t  r e s u l t s .  I n  these  r e s u l t s  i t  has  been observed t h a t  OR 
i s o l a t e d  occas ions  the  feed  c o n t r o l  loop is  u n s t a b l e  and o s c i l l a t e s  f o r  
a per iod  of hours  be fo re  becoming s t a b l e .  
These conclus ions  a r e  i n  agreement wi th  experimental 
This margina l  s t a b i l i t y  is  appa ren t ly  due t o  the  very  l a r g e  phase s h i f t s  
a s s o c i a t e d  wi th  t h e  t h r u s t e r  vapor i ze r  response.  Three approaches might 
be i n v e s t i g a t e d  i n  producing a more n e a r l y  i d e a l  c o n t r o l  loop: 
a. Gain r educ t ion  - Zero frequency loop g a i n  i s  approximately 100. 
This  i s  probably h igher  than necessary  t o  provide s t a b i l i z a t i o n  
a g a i n s t  f l u c t u a t i o n s  i n  vapor i ze r  c h a r a c t e r i s t i c s .  While a 
g a i n  of 30 t o  50 would probably be adequate ,  t he  g a i n  would have 
t o  be lowered t o  approximately 20 t o  provide  s t a b i l i t y  i n  t h e  
wors t  case. 
Loop compensation - Only the  s imples t  ( l a g  network) has  been 
t r i e d .  More s o p h i s t i c a t e d  forms of compensation would g i v e  
improved r e s u l t s .  
Vaporizer  r edes ign  -. Occasional  i n s t a b i l i t y  could be avoided 
by r educ t ion  of t he  l a r g e  vapor i ze r  phase s h i f t s ;  t h i s  appears  
t o  be an  a t t r a c t i v e  p o s s i b i l i t y ,  bu t  i t  could not  be i n v e s t i g a t e d  
du r ing  t h i s  program. 
s h i f t s  may be a s s o c i a t e d  wi th  condensat ion and reevapora t ion  of 
cesium from i n t e r n a l  s u r f a c e s  of t h e  feed l i n e  va lve .  
b. 
c .  
It has  been suggested t h a t  the  l a r g e  phase 
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Figure  16 .  Vaporizer Control  Loop Gain and Phase S h i f t  L i m i t s  
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SECTION 6 
NEW TECHNOLOGY 
In the process of evaluating candidate materials for porous tungsten 
ionizer protective coatings, it was found that Styron 666U (polystyrene 
manufactured by Dow Chemical Corporation) possessed the following 
characteristics which make it useful as a protective coating material: 
a. Can be applied by dissolving in solvent methyl ethyl ketone 
and applying with brush 
b. Reduces gas flow permeability of ionizer to less than 1% of 
original value 
c. Is stable for long periods in laboratory environment 
d. As the ionizer is heated to operating temperature (ll5O0C), 
the coating decomposes and evaporates, leaving the ionizer 
with original vapor flow permeability and with surface 
properties appropriate for surface ionization of cesium. 
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